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ABSTRACT
This work presents research conducted on a novel metal additive manufacturing 
process, called Laser Foil Printing (LFP), to fabricate metal parts with various geometries 
layer by layer using metal foil as the feedstock. To investigate the processability and 
characteristics of LFP for fabricating metal parts, the materials included 304L stainless 
steel and Al-1100 aluminum alloy. The LFP process parameter windows for both 304L 
and Al-1100 were determined, and the optimal process parameters with stable formation 
of the melt pools were selected to fabricate dense metal parts. The microstructure and 
properties of LFP-fabricated parts were characterized and analyzed using tensile testing, 
scanning electron microscopy, electron backscattered diffraction, and ANOVA analysis. 
The mechanical properties of fabricated parts were compared with those of parts 
fabricated by the Laser Powder Bed Fusion (L-PBF) process. The results showed that the 
304L parts fabricated by LFP were 10-20% higher in strength and ductility than those 
fabricated by L-PBF due to the finer grains formed by faster cooling in LFP. Also, 
oxidation in LFP-fabricated parts was less compared with that in L-PBF fabricated parts 
because of smaller surface area in metal foil compared with metal powder. The density (> 
99.3%) of Al-1100 aluminum alloy parts fabricated by LFP was much higher than the 
density (< 90%) of Al-1100 parts fabricated by L-PBF because of no air gaps in foil like 
those in powder particles. A fully automated LFP system was constructed and used to 
automatically fabricate 304L parts with various geometries. The parts’ dimensional 
accuracies and their mechanical properties were measured. These parts exhibited higher 
tensile strength than those fabricated by other laser additive manufacturing technologies.
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1. INTRODUCTION
1.1. BACKGROUND AND MOTIVATION
Additive manufacturing (AM) has been widely used in industry [1], particularly 
for fabricating three-dimensional (3D) parts with complex-shaped geometries that are 
otherwise too difficult to make by conventional machining processes [2]. According to 
the ASTM F42 Committee [3], AM processes can be generally divided into seven 
categories: vat photopolymerization, material jetting, binder jetting, material extrusion, 
powder-bed fusion, sheet lamination, and directed energy deposition. The flexibility of 
the AM process has allowed many different materials (e.g., Ti-6Al-4V, 304L, 316L, 
IN718, and aluminum alloys) to be fabricated [4]. Currently, most AM metal parts are 
fabricated by the laser powder bed fusion (L-PBF) processes, also known as the selective 
laser melting (SLM) process.
This dissertation work utilizes a newly developed laser additive manufacturing 
process, called Laser Foil Printing (LFP), to fabricate metal parts layer by layer using 
metal foil as the feedstock. LFP is a laminated object manufacturing process developed at 
the Missouri University of Science and Technology. The LFP process has been used to 
build three-dimensional parts of Zirconium-based amorphous metals [5] and crystalline 
metal of AISI1010 carbon steel [6] with different geometries as shown in Figures. 1.1 and
1.2. It uses a dual-laser system to weld each layer of metal foil onto the substrate or a 
previously fabricated layer and then cut the cross-sectional contour for the fabrication of 
each layer. In this process, the thickness of foil can be tens of micrometers to hundreds of 
micrometers. The cooling rate of melt pool using the foil as the feedstock is high enough
to generate fine crystalline grain structures or even amorphous structures if desired [7­
10] because the heat energy of the melt pool can be conducted away very efficiently 
through the foil. Furthermore, the formation of shrinkage pores can be minimized 
because the usage of foil does not involve high volumetric reduction during the melting 
and solidification process. However, as a new laser additive manufacturing technology, 
little research has been conducted on various metal materials. Extensive studies need to 
be conducted to comprehensively understand the LFP processability with different 
metallic materials.
2
Figure 1.1. As-fabricated three-dimensional Zr-based Metallic Glass parts by LFP [5].
3
Figure 1.2. As-fabricated samples by LFP: (a) a model of Gateway Arch in St. Louis; (b) 
a logo of Missouri University of Science and Technology; (c) a cylinder with gradient 
lateral surfaces; and (d) a sensor-embedded cylinder with rotating gradient lateral
surfaces [6].
1.2. METAL ADDITIVE MANUFACTURING
1.2.1. Additive Manufacturing of Stainless Steel. 304L stainless steel (304L 
SS) has been widely used in industry because of high corrosion resistance and high 
weldability [11]. In the laser additive manufacturing (LAM) community, extensive 
studies have been done on the fabrication of 304L SS components and its characterization 
from powder properties to part properties of LAM-fabricated parts. Those studies 
investigating the mechanical properties of parts fabricated by the Laser Powder-Bed 
Fusion (L-PBF) process, also known as the Selective Laser Melting (SLM) process, using 
304L SS powder as the feedstock are summarized in Table 1.1 [12-15]. From this table, 
the highest yield strength (YS), ultimate tensile strength (UTS), ductility of the L-PBF
part were 485 MPa, 712 MPa, and 61%, respectively, which can provide a meaningful
reference for mechanical properties comparison between LFP and L-PBF processes. In 
Table 1.1, the maximum laser power is 220 W. Note that the laser power is normally 
limited to less than 400 W in order to avoid possible powder blown away by the recoil 
pressure in case of using a high-power laser. However, depending upon design 
applications and process parameters, high-power lasers may be employed to increase the 
processing speed. Moreover, the powder-bed layer thickness in L-PBF is usually limited 
to 20-100 pm due to concerns on the balling behavior and formation of pores [16,17].
The powder bed used in L-PBF may include a mixture of particles ranging from a few 
nanometers to tens of micrometers. The powder size distribution can have significant 
effects on powder melting, powder-bed densification, pore formation, and consequently 
the quality of manufactured parts. There is no universal powder size distribution that can 
result in the best possible mechanical properties. Actually, powder size distribution for 
most commercially available powders is considered to be proprietary by the company that 
sells the powders. Furthermore, due to the porous nature of the powder bed with gaps 
between particles, the thermal conductivity of the metal powder bed is significantly lower 
than that of the bulk material of the same metal [18-20]. The formation of pores is 
inherently formed in the L-PBF process due to ~40% volumetric reduction during the 
melting and solidification process. Additionally, the cost of powder is much more 
expensive and the purchase of powder is limited to a few vendors. The combination of 
low laser power, small powder-bed thickness, and high powder cost leads to a slow 
production rate with an expensive cost for the L-PBF process. Moreover, the balling and 
spattering behavior can occur due to the porous nature of powder bed, which could lead 
to the formation of voids or pores in the part [16,21,22]. Because powder and foil have
4
different materials properties, we will use multiple material characterization techniques 
to conduct rigorous comparisons on parts fabricated by using powder and foil as the 
feedstock in order to understand their differences.
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Table 1.1. Literature on L-PBF of 304L stainless steel.
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1.2.2. Additive Manufacturing of Aluminum Alloys. Aluminum alloys have 
been extensively used in aerospace, automotive, and structural applications that require 
materials having a high strength-to-weight ratio, good thermal conductivity, and fine 
corrosion resistance [23,24]. Although using additive manufacturing (AM) to create 
complex-geometry parts of aluminum alloys is attractive, not much research has been 
conducted [25,26] on aluminum alloys fabricated by AM processes with the exception of 
AlSi10Mg [27-31]. The addition of silicon in aluminum alloys is done to reduce oxygen 
absorption and enhance melt pool fluidity. This reduces the oxidation and increases the 
wettability between successive layers to reduce porosity. Silicon has also been shown to 
increase the powder flowability in laser powder bed fusion (L-PBF) processes [27,32]. 
AM of aluminum alloys with low silicon content has not been extensively studied 
because of laser processing difficulty. AM of aluminum is exacerbated in L-PBF
processes due to the high percentage of volumetric reduction and the poor fluidity of 
molten metal associated with aluminum powder during solidification, resulting in the 
high porosity (~10% porosity) of AM-fabricated aluminum parts [33]. Moreover, the 
large surface area of powder promotes oxidation, which could be detrimental to the part 
properties [33,34]. Because the laser processing of aluminum alloys to create fully dense 
parts has been proven difficult to achieve through traditional AM processes, it is 
necessary to find an alternative AM technology to be able to overcome this laser 
processing difficulty caused by the unfavorable physical properties of aluminum alloy 
(e.g., high optical reflectivity, high oxidation tendency, high thermal expansion, and a 
low percentage of volatile elements) and fabricate dense AM aluminum parts.
1.2.3. Laser Welding Modes in Additive Manufacturing. Depending on the 
magnitude of laser power density and laser energy input, the laser welding mechanism 
can be changed from the conduction mode (absorbing laser energy through object’s 
surface) to the keyhole mode (absorbing laser energy through Fresnel reflections) [35]. 
The former reflects ~60% of incident laser beam at the wavelength of 1.06 pm [36] while 
the latter can absorb nearly all the laser beam energy [37]. This high laser energy 
absorption is due to multiple reflections of the laser incident beam and plasma-enhanced 
coupling effect [38] within a hole at the center of melt pool, where the hole is opened by 
the recoil pressure of vapor generated from a high laser power density irradiation [39,40].
For laser additive manufacturing processes, single-track melt pools creating by 
both laser welding modes have been studied on Ti-6V-4V (Ti64) and 316L [41-43] using 
L-PBF processes. King’s [43] experimentally conducted parametric studies on single­
track melt pools using both laser welding modes show consistency with an engineering
6
model from Verhaeghe’s research [40]. The L-PBF fabricated Ti64 part using the 
conduction-mode laser welding has higher formability (less porosity) while higher 
porosity was reported in the part using the keyhole-mode laser welding [42]. However, 
even though the keyhole-mode welding has less formability, it has a better combination 
of strength and ductility due to the microstructure difference between the Ti64 parts made 
by the two modes [42,44].
No research has investigated the effect of laser welding mode on mechanical 
properties of 304L SS AM parts. In this dissertation, we investigate laser welding modes 
(keyhole mode and conduction mode) on the mechanical properties in the LFP process 
and find factors that make their part properties different through various material 
characterizations.
1.3. RESEARCH OBJECTIVES
The overall aims of this dissertation work are to understand the LFP-fabricated 
part properties and processability of the 304L stainless steel and the Al-1100 aluminum 
alloy, the effect of laser welding mode on mechanical properties in LFP, and the 
dimensional accuracies and mechanical properties of 304L SS parts fabricated by an 
automated LFP system. The specific research objectives are as follows:
1. Identify the differences between 304L stainless steel parts fabricated by the laser 
foil printing and the laser powder bed fusion processes.




3. Understand the effect of laser welding mode on the properties of 304L SS parts 
fabricated by LFP.
4. Evaluate the dimensional accuracies and mechanical properties of 304L SS parts 
fabricated by our automated LFP system and compare them to those of 304L parts 
fabricated by other laser additive manufacturing processes.
1.4. SCIENTIFIC AND TECHNICAL CONTRIBUTIONS
In this dissertation study, the experimental results show that the laser foil printing
(LFP) process is a promising laser additive manufacturing technology. The scientific and
technical contributions of this research are listed below.
1. Because of foil’s natural characteristics, three-dimensional 304L metal parts 
fabricated by LFP have higher strength and ductility as well as lower material cost 
compared with those parts fabricated by the commercial laser additive 
manufacturing community using powder as the feedstock.
2. Despite the unfavorable physical properties of aluminum alloys for laser 
processing, the LFP parameter windows for Al-1100 aluminum alloy were found 
and used to fabricate dense aluminum parts (density > 99.3%) using the LFP 
process, which is beyond the capability of powder bed fusion processes.
3. The 304L parts fabricated by LFP in the conduction mode were more ductile than 
those fabricated in the keyhole mode with comparable strength, due to their 
distinctive grain structures.
4. The automated LFP system has been proven that it can be used to automatically 
fabricate three-dimensional metal parts with various geometries, with the use of
mechanical polishing to remove the elevated edges induced by the UV laser
cutting after the laser patterning of each layer.
1.5. ORGANIZATION OF DISSERTATION
The background has been given in Section 1.1-1.4 to explain the objectives of this 
dissertation and relevant research regarding laser additive manufacturing technologies. 
The dissertation then includes four published papers addressing the research objectives.
The first paper presents a comprehensive investigation on 304L stainless steel 
parts fabricated by the laser foil printing (LFP) and laser powder bed fusion (L-PBF) 
processes. The mechanical properties, grain microstructure, porosity, surface area, and 
oxygen content of sample parts fabricated by these two processes were measured and 
compared. The tensile test results showed that the part fabricated by LFP had higher 
strength than the part fabricated by L-PBF. The grain structures of LFP and L-PBF parts 
indicated that the grains in LFP parts were finer than the grains in L-PBF parts, which 
was due to the thermal conductivity difference between foil and powder. The oxygen 
content of LFP-fabricated part was 75% less than the L-PBF part because of ~10 times 
smaller surface area of foil compared to powder.
The second paper focused on the investigation of process parameter windows for 
Al-1100 aluminum alloy to find out a proper laser energy density to stabilize the melt 
pool formation and create sufficient penetration depth for the fabrication of dense 
aluminum parts. Dense aluminum parts (>99.3% relative density) were fabricated by the 
LFP process. The LFP-fabricated aluminum parts were shown to have better tensile 
strength compared to annealed Al-100 specimens. Strong orientation preference along the
9
solidification direction and dense subgrain boundaries in the LFP-fabricated samples 
were observed.
In the third paper, two laser welding modes (keyhole mode and conduction mode) 
were used to fabricate 304L metal parts using the LFP process. Based on cross-sectional 
views of parts, the parts fabricated in the conduction mode had higher densities than 
those fabricated in the keyhole mode. Although the difference of tensile strength between 
them was insignificant, the conduction-mode parts had higher ductility than the keyhole­
mode parts due to the difference between their distinct grain structures.
The fourth paper investigates the characterization of 304L stainless steel parts 
fabricated by a fully automated LFP system. The results indicated that the dimensional 
accuracy of LFP-fabricated parts was very good and the mechanical test results showed 
that these parts had relatively high and repeatable strength and ductility compared to parts 




I. ENHANCED MECHANICAL PROPERTIES FOR 304L STAINLESS STEEL 
PARTS FABRICATED BY LASER-FOIL-PRINTING ADDITIVE
MANUFACTURING
Chia-Hung Hung, Austin Sutton, Yingqi Li, Yiyu Shen, Hai-Lung Tsai, and Ming C. Leu
Department of Mechanical and Aerospace Engineering, Missouri University of Science
and Technology, Rolla, MO, USA, 65409
ABSTRACT
In this study we demonstrate that the mechanical properties of 304L stainless steel 
(304L SS) parts fabricated by the laser-foil-printing (LFP) additive manufacturing 
process can be enhanced as compared to parts fabricated by the selective laser melting 
(SLM) technology. The tensile test results indicate that the LFP fabricated parts achieve 
~15% and ~10% higher in yield strength and ultimate tensile strength, respectively, 
compared to the SLM fabricated parts. This is mainly because the use of foil feedstock in 
LFP leads to a higher cooling rate during the solidification of molten metal than the use 
of powder bed in SLM, due to higher thermal conductivity in foils than powders. By 
using electron backscattered diffraction it is confirmed that the LFP parts have finer grain 
structures than the SLM parts, implying a higher cooling rate in LFP. The LFP process 
also produces metal parts with an average oxygen content about 75% less than those by 
the SLM process, due to ~10 times of surface area per unit volume in powders than foils.
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Additive manufacturing (AM) has been widely used in industry [1], particularly 
for fabricating complex-shaped three-dimensional (3D) parts that are otherwise too 
difficult to make by conventional machining processes [2]. AM processes can be 
generally divided into seven categories according to the ASTM F42 Committee [3], 
including vat photopolymerization, material jetting, binder jetting, material extrusion, 
powder-bed fusion, sheet lamination, and directed energy deposition. Selective laser 
melting (SLM) is a powder-bed fusion process, while laser-foil-printing (LFP) can be 
regarded as a sheet lamination process.
SLM is a popular method for producing metallic parts and has commercially 
available production facilities, while LFP is a recently developed technology that has not 
been much explored [4]. SLM uses a laser beam to selectively melt metal particles in a 
powder bed [5], while LFP employs a laser to weld foils together layer-by-layer. In SLM, 
each layer of the powder-bed thickness is usually limited to 20-100 pm due to concerns 
on balling behavior and formation of pores [6]. The powder bed includes a mixture of 
particles ranging from a few nanometers to tens of micrometers. The powder size 
distribution can have significant effects on powder melting, powder-bed densification, 
pore formation, and consequently the quality of manufactured parts. There is no universal 
powder size distribution that can result in the best possible mechanical properties. 
Actually, powder size distribution for most commercially available powders is considered 
to be proprietary by the company that sells the powders. In a commercially available 
SLM machine, the laser power is normally limited to <400W in order to avoid possible
1. INTRODUCTION
powder blown away by the recoil pressure in case of a high-power laser. However, 
depending upon designed applications and process parameters, high-power lasers may be 
employed to increase the processing speed. After laser welding, there is ~40% layer 
thickness reduction due to powder melting and densification. For each layer, the 
maximum thickness after densification is usually less than about 110 pm [7]. Due to the 
porous nature of the powder bed with gaps between particles, thermal conductivity of the 
metal powder bed is significantly lower than that of the bulk material of the same metal 
[8-10]. The combination of low laser power, small powder-bed thickness, and low 
thermal conductivity of the powder bed leads to a slow production rate of the SLM 
process. Furthermore, it has been shown that balling and spattering behavior can occur 
due to the porous nature of the powder bed, which could lead to the formation of voids or 
pores in the part [6,11,12]. Although the existence of pores in the part could be 
advantageous in certain biomedical applications, such as prosthetic devices and bone 
scaffolds [13-16], pores may serve as stress concentrators that will reduce the part’s 
strength, causing unexpected or premature failure of the manufactured components [17].
Laminated object manufacturing (LOM) was one of the first commercialized AM 
technologies in the early 1990s. The LOM sheets of paper or fully-dense polymer were 
bonded in a layer-by-layer fashion via glues/adhesive materials. Excess materials were 
then removed through the use of laser scanning the contour in each layer. LOM can be 
used to build parts from a variety of materials, but the bonding strength is generally weak 
and depends on the adhesive materials [18,19].
Laser-foil-printing is a laminated object manufacturing process recently 
developed at the Missouri University of Science and Technology. In this process, a 3D
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metal part is built layer-by-layer using a dual-laser system to weld a layer of metal foil 
on the substrate or a previous layer and then cutting the cross-sectional contour for each 
layer. The dual-laser system consists of a continuous-wave laser for welding and a pulsed 
laser for cutting [20]. To facilitate automation, cutting the foil to the desired shape for 
each layer may be done in advance by laser or other methods before the foils are welded. 
The thermal conductivity and the corresponding cooling rate of the foil may be high 
enough to create three-dimensional amorphous structures if desired [21]. In LFP, each 
layer of foil thickness ranges from tens of micrometers to a few hundred micrometers. As 
there is no reduction of layer thickness in LFP, the LFP process can be a faster and more 
efficient way of producing metallic parts than the SLM process. In addition, the possible 
formation of porosity can be significantly reduced as compared to powder-bed processes.
In this study, 304L stainless steel (304L SS) was selected as the material since it 
is widely used in industry and has high corrosion resistance and high weldability [22].
The 304L SS parts were built by a homemade LFP system and by a commercial SLM 
system in an inert shielding gas environment. The tensile properties, micro-hardness, 
oxygen content, porosity, and microstructures of 304L SS parts fabricated by SLM and 
LFP were measured and compared with each other. Electron backscattered diffraction 
(EBSD) was used to identify the phases present, in addition to grain distribution, for the 




2.1. SELECTIVE LASER MELTING (SLM)
304L SS powders produced by gas atomization (LPW Technology) were used as 
the feedstock. The particle size distribution was 10% of 19.2 pm, 50% of 27.5 pm, and 
90% of 38.3 pm for the cumulative volume. The parts were fabricated on a commercial 
SLM system (Renishaw AM250) under an argon shielding atmosphere with an oxygen 
content < 0.1%. The laser system consists of an infrared pulsed laser, a galvano-mirror 
scanner, and an F-Theta focal lens. The pulsed laser has a central wavelength of 1070 nm, 
beam quality M2 of 1.2, maximum pulse repetition rate of 100 kHz, pulse duration of 75 
ps, and maximum average power output of 200 W. The laser beam was focused on the 
surface of the powder bed and the beam diameter was 68.4 pm.
In the processing of each layer, the powders were first spread on the substrate 
using a recoater blade, as shown in Figure 1(a). The layer thickness (s1) was 50 pm.
Then, a pulsed laser was applied to melt powders in selected regions with a striped 
scanning strategy (Figure 1(b)). The laser power (P), pulse time interval (t), point 
distance (Dp), and hatch space (h) were 200 W, 75 ps, 60 pm, and 80 pm respectively. 
The laser scan speed (v) calculated was 800 mm/s, by dividing the point distance by the 
pulse time interval. The volumetric energy input (E) calculate was 50 J/mm3 based on the 
following equation [23]:
zr P P • tE =-------- = -----------
v • h • s  Dp • h • s
(1)
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Figure 1. Schematic illustrations of the two steps in SLM for the processing of each layer: 
(a) powder feeding; (b) selective powders melting.
2.2. LASER FOIL PRINTING (LFP)
304L SS foils were used as the feedstock, and the thickness of each layer was 125 
pm. Details of the LFP system can be found in Ref. [19]. In order to facilitate the 
following discussion and to compare with the SLM system, the LFP system is briefly 
described below. The laser system consists of a continuous-wave (CW) fiber laser (IPG 
YLP-1000) for welding and an ultraviolet (UV) pulsed laser for cutting, as schematically 
shown in Figure 2. The CW fiber laser subsystem includes a beam expander, a galvano- 
mirror scanner (SCANLAB), and an F-Theta lens. The UV pulsed laser (Coherent AVIA- 
355X) subsystem includes optical reflection mirrors, a focal lens, and high-precision 
motor driven stages. The CW fiber laser has a center wavelength of 1070 nm, beam 
quality factor M2 of 3.04, and maximum average power output of 1000 W. The focal 
length of the F-Theta lens is 330 mm, and the spot size is ~160 pm. For the UV laser, its 
center wavelength, pulse width, maximum pulse repetition rate, and maximum average 
power output are 355 nm, 30 ns, 100 kHz, and 10 W, respectively. The focus length of 
the lens is 100 mm and the spot size is 40 pm. Both the CW and UV laser beams are
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Figure 2. Schematic illustration of the LFP system.
To build a metal part using LFP, five steps are followed for each layer, as 
illustrated in Figure 3. First, a layer of metal foil is placed on the substrate or the 
previously welded layer (see Figure 3(a)). Next, spot welding is applied on the metal foil 
using the CW fiber laser (see Figure 3(b)). The purpose of the spot welding is to fix the 
foil onto the previous layer to prevent the foil from possible thermal distortion/curving. 
The third step is pattern welding which uses a raster scan strategy, as shown in Figure 
3(c). The foils are welded under an argon shielding atmosphere with an oxygen content 
of ~1%. The fourth step is to cut the pattern’s contour using the UV pulsed laser (see 
Figure 3(d)). Finally, the excess foil is removed (see Figure 3(e)). Note that the foil can 
be pre-cut into the desired shape for each layer according to the CAD model of the part 
and then the foil cross-sections are welded together layer by layer. In this study, for spot 
welding, the laser power was 400 W, the weld time was 0.5 ms, and the distance between
spots was 1 mm. For pattern welding, the laser power was 400 W, the laser scan speed 
was 200 mm/s, and the hatch space was 0.1 mm. Thus the laser energy input was 160 
J/mm3 by applying Equation 1. For cutting the pattern's contour, the pulse energy was 
0.16 mJ with the pulse frequency of 4 kHz and the cutting speed of 5 mm/s.
Although the processing parameters used in the aforementioned SLM and LFP 
processes are different, they represent the conditions that can achieve the part density 
greater than 99% (i.e., <1% porosity) in each process [24]. A summary of characteristics 
for the three lasers used in this study is given in Table 1. The SLM process uses 
conduction-mode welding while the LFP process uses keyhole-mode welding [21,25].
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Figure 3. Schematic illustrations of the five steps in LFP for the processing of each layer: 
(a) foil feeding; (b) spot welding; (c) pattern welding; (d) contour cutting; (e) excess foil
removing.
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Max. Nominal Output Power 200 W 1000 W 10W
Max. Pulse Repetition Rate 100 kHz N/A* 100 kHz
W avelength 1070 nm 1070 nm 355 nm
Pulse Duration 75 H N/A* 30 ns
Beam Quality, M2 1.2 3.04 1.2
*Not Applicable
2.3. CHARACTERIZATION
The parts fabricated by SLM and LFP were cut off from the substrates for purpose 
of analysis. The oxygen content was measured by carrier gas hot extraction (Leco 
TC500). The microstructure was characterized by using an optical microscope (OM, 
Nikon Epiphot 200), an X-ray diffraction instrument (XRD, Philips X'pert MRD), and a 
scanning electron microscope (SEM, Helios Nanolab 600) equipped with electron 
backscattered diffraction (EBSD) capability. The specimens for OM, XRD, SEM, and 
EBSD analyses were polished using standard metallographic techniques with a final 
polishing step using 0.04 |im silica. The specimens were then electro-etched using 1.5 
volts with 70% nitric acid and 30% deionized water. The porosity was determined 
through calculating the area of pores on OM images of the cross-section with a total area 
of 7x5 mm2. ImageJ was used to measure the area of pores. The surface area analyzer 
(NOVAe) was used to measure the surface area of the original powders based on the 
Brunaue-Emmett-Teller theory. The EBSD patterns had the scanning area of 450x450 
p,m2 and pixel resolution of 2 p,m. The average grain size of EBSD pattern was calculated 
by following the ASTM E2627-13 standard.
The mechanical properties of the SLM and LFP parts were measured using tensile 
testing and micro-indentation. For the tensile tests, the tensile strength along the layer
building direction (i.e., the vertical direction, indicated by “V”) and the tensile strength 
along the laser scanning direction (i.e., the horizontal direction, indicated by “H”) were 
both tested, as shown in Figure 4(a), since the horizontal and vertical directions are the 
two directions in which the part usually has either the highest or lowest strength [26,27]. 
Tensile test specimens were cut from the fabricated block part using wire electrical 
discharge machining (EDM) in order to avoid the surface effect on the mechanical 
properties [28]. The dimensions of the tensile specimen are shown in Figure 4(b), with 
the thickness of 1 mm. The tensile tests were conducted on an INSTRON machine with a 
clip-on extensometer at room temperature. The speed of the machine crosshead was 
maintained at 0.015 mm/mm/min (strain rate per minute). Seven specimens were tested 
for each direction, and the mean value with one standard deviation was reported. The 
fracture surfaces after tensile testing were analyzed using SEM (ASPEX-PICA 1020).
The micro-hardness was measured using a Vickers micro-hardness tester (Struers, 
Duramin 5) with 981.2 mN load and 10 s load duration. The reported micro-hardness 
value was the average of seven measurements with one standard deviation.
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Figure 4. (a) Side-view of a part made by LFP and SLM showing how the horizontal and 
vertical tensile specimens were extracted and (b) dimensions of the tensile specimen.
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3. RESULTS AND DISCUSSION
The oxygen content of each of the powder, the foil, the SLM part and the LFP 
part was first measured since it could affect the performance of mechanical properties of 
fabricated part [29]. The oxygen content of the powder is 242 ± 17 ppm. After the SLM 
processing, the part contains more oxygen content (345 ± 42 ppm). The oxygen content 
of the foil is 59 ± 1 ppm, which is lower than the powder. After the LFP processing, the 
oxygen content of the part is increased to 90 ± 35 ppm. Even though the LFP part was 
built in an argon shielding atmosphere with much higher oxygen content than the 
atmosphere the SLM part was built in, the LFP part has much lower oxygen content than 
the SLM part. This is because the surface area per unit volume of the powder (21.9 ± 0.9 
pm-1) is much higher (approximately ten times greater) than that of the foil (2.0 pm-1, 
based on the geometry of the foil), thus the powder has higher tendency to oxidation.
Figure 5 shows the typical optical microscope (OM) images of the horizontal and 
vertical cross-sections of the SLM part and the LFP part. Pores are observed on both the 
SLM part and the LFP part. The porosity of the SLM part in the horizontal and vertical 
direction was measured to be 0.04% and 0.1%, respectively. The LFP part has slightly 
higher porosity (0.5% in the horizontal direction and 0.28% in the vertical direction) than 
the SLM part. Although in general a high porosity could deteriorate the mechanical 
properties [30,31], the parts fabricated by SLM and LFP were both insignificantly 
affected by porosities due to their values less than 1%.
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Figure 5. OM images of the cross-sections: (a) SLM-H; (b) SLM-V; (c) LFP-H; and (d)
LFP-V.
Figure 6 shows the XRD patterns of the SLM and LFP parts. The SLM part and 
the LFP part are both composed of austenite phase with face-centered cubic (FCC) 
crystal structure, although the relative densities of Bragg peaks of the LFP part are 
different from those of the SLM part.
In addition to the XRD patterns, the EBSD patterns also confirm that both the 
SLM and LFP parts consist of austenite phase. EBSD was also used to measure the 
average grain size and grain distribution of the LFP and SLM parts in both horizontal and 
vertical directions, as shown in Figure 7. The grain boundary is defined by the orientation 
angle of any grain whose difference is larger than 10° with all of its neighbor grains. The 
average grain sizes with standard deviations for SLM-H, SLM-V, LFP-H, and LFP-V are 
8.9±8, 12±13, 7.9±7, and 9.1±7 gm, respectively, indicating that the LFP part has smaller 
grains than the SLM part. Based on the SEM images and EBSD patterns in Figure 7, the
edges and the centers of the laser scan tracks can also be identified, and they are 
marked by yellow arrows and red dashed lines, respectively, to help understand the grain 
growth behavior during the melt pool solidification. For instance, by comparing the SEM 
images and EBSD patterns from 7(e) to 7(h), the grains could be seen to have grown 
from the boundary to the center of the melt pool and the grains at the center are finer than 
those at the boundaries. The relationships between the grain size and the number of 
grains in the EBSD patterns are summarized in Figure 8. In Figures 8(a)-(d), the number 
of grains of the LFP-H whose grain size is smaller than 4 pm is the highest among the 
four under comparison (SLM-H, SLM-V, LFP-H, and LFP-V). Figure 8(e) presents the 
cumulative ratio of area of grains versus grain size in the EBSD patterns.
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Figure 6. XRD patterns of SLM and LFP parts.
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Figure 7. Corresponding SEM images and EBSD patterns of the grain distribution for (a, 
b) SLM-H; (c, d) SLM-V; (e, f) LFP-H; and (g, h) LFP-V. The red dash lines indicate the 
center of melt pool having finer grains than the boundaries.
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Figure 8. The number of grains vs. grain size of (a) SLM-H; (b) SLM-V; (c) LFP-H; and 
(d) LFP-V; (e) the cumulative area ratio vs. grain size in the EBSD patterns.
The mechanical properties of the SLM and LFP parts were measured using 
standard tensile tests. Figure 9 shows representative tensile stress-strain curves for SLM 
and LFP parts in both vertical and horizontal directions. The average yield strength (YS) 
and ultimate tensile strength (UTS) with one standard deviation are given in Table 2. The
strength data measured on our SLM parts as shown in this table are comparable to 
those reported by other researchers [23]. It can be seen that both the SLM part and the 
LFP part exhibit higher tensile strength along the horizontal direction than the vertical 
(part building) direction, but lower elongation along the horizontal direction than the 
vertical direction, which is consistent with the results reported in [27]. The LFP part has 
higher tensile strength than the SLM part in both the horizontal and vertical directions. In 
the horizontal direction, the LFP part is ~15% higher in YS and ~10% higher in UTS than 
the SLM part. In the vertical direction, the LFP part is ~14% higher in YS and ~11% 
higher in UTS. The micro-hardness of the LFP part is also higher by ~10% than that of 
the SLM part, as shown in Table 2, which is consistent with the higher tensile strength of 
the LFP part. However, the LFP part has lower elongation to failure (~13% less in 
horizontal direction and ~ 20% less in vertical direction) compared to the SLM part.
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Figure 9. Tensile stress-strain curves of the SLM and LFP parts in the horizontal (H) and
vertical (V) directions.
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Table 2. Tensile and micro-hardness test results of the SLM and LFP parts.




SLM H 510 ± 6 699 ± 8 72 ± 3 237 ± 10
SLM V 488 ± 4 645 ± 4 86 ± 3 229 ± 9
LFP H 585 ± 3 761 ± 5 64 ±3 260 ± 9
LFP V 558 ± 13 715 ± 11 72 ± 5 254 ± 7
In tensile tests, the SLM part in the vertical direction exhibits the highest 
elongation but the lowest strength, while the LFP part in the horizontal direction has the 
highest strength but the lowest elongation. Thus, the fracture surfaces of the SLM part in 
the vertical direction and the LFP part in the horizontal direction from the tensile tests 
were examined and compared using SEM. The results are shown in Figure 10. All 
fracture surfaces exhibit ductile fracture. The fracture surface of the SLM part in vertical 
direction contains dimples of ~25 pm in diameter and dense micro-voids, as shown in 
Figures 10(a) and 10(b), respectively, while the LFP-H part shows a void of ~100 pm and 
relatively sparse micro-voids, as shown in Figures 10(c) and 10(d), respectively. Micro­
voids are indicative of plastic deformation experienced by a ductile material in a typical 
fracture, and a high density of micro-voids usually indicates good ductility.
The higher strength and lower ductility of the LFP part is mainly contributed by 
the smaller grain size of the LFP part compared to the SLM part. Di Schino [32] reported 
that when the grains of 304L become finer, the strength and hardness increase, which is 
accompanied by a reduction of ductility. This is because smaller grains will increase 
resistance for motion of dislocations due to more grain boundaries, which impede plastic 
deformation during the tensile test [33]. In addition, because the average grain size in the 
vertical direction in both SLM and LFP processes is larger than that in the horizontal
direction, the strength in the horizontal direction is higher than that in the vertical 
direction. Figure 8 shows that the LFP-H part has the largest amount of fine grains (less 
than 4 pm), thus it has the highest YS and UTS.
The smaller grain size of the LFP part is attributed to the higher cooling rate of 
the LFP process than the SLM process. Since powders inevitably have spaces between 
them, the thermal conductivity of the powder (0.18 W.m-1k-1) is much lower than that 
of the bulk material (14.92 W.m-1k-1) [7-9]. This prevents the heat from conduction on 
both sides of the melt pool; see Figure 11. Metal foil has much higher thermal 
conductivity than metal powder. Even though the laser energy input in the LFP process is 
greater than that in the SLM process, the higher thermal conductivity of foil results in 
faster heat removal, thus higher cooling rate [34,35] and smaller grain size.
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Figure 10. SEM images showing the fracture surfaces of the tensile specimens: (a,b)
SLM-V; (c,d) LFP-H.
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Figure 11. Heat-dissipation mechanism of (a) LFP and (b) SLM.
4. CONCLUSIONS
The mechanical properties of 304L stainless steel parts produced by the LFP 
process using foils are measured and compared to the parts produced by the SLM process 
using powders. The comparison shows that the LFP part has higher tensile strength but 
lower ductility than the SLM part. The higher strength of the LFP part is attributed to the 
finer grains, which are due to faster heat dissipation leading to higher cooling rates in the 
LFP process. In both LFP and SLM parts, the part strength in the horizontal (laser 
scanning) direction is higher than in the vertical (part building) direction. The larger 
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ABSTRACT
Additive manufactured aluminum (Al-1100) parts (>99.3% of relative density) 
were fabricated by our newly developed laser-foil-printing (LFP) processing method. 
Fabrication of dense aluminum parts was achieved by using a laser energy density of 7.0 
MW/cm2 to stabilize the melt pool formation and create sufficient penetration depth with 
300 gm thickness foil. The highest yield strength (YS) and ultimate tensile strength 
(UTS) in the LFP-fabricated samples reached 111 ± 8 MPa and 128 ± 3 MPa, 
respectively, along the laser scanning direction. These samples exhibited greater tensile 
strength but less ductility compared to annealed Al-1100 samples. Fractographic analysis 
showed elongated gas pores in the tensile test samples. Strong crystallographic texturing 
along the solidification direction and dense subgrain boundaries in the LFP-fabricated 
samples were observed by using the electron backscattered diffraction (EBSD) technique.
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1. INTRODUCTION
The additive manufacturing (AM) process is commonly used to create complex­
shaped three-dimensional objects that are difficult to fabricate by traditional machining 
processes [1]. The flexibility of the AM process has allowed many different materials 
(e.g., Ti-6Al-4V, 304L, 316L, IN718, and aluminum alloys) to be fabricated [2]. 
Aluminum alloys have been widely used in aerospace, automotive, and structural 
applications that require materials having a high strength-to-weight ratio, thermal 
conductivity, and corrosion resistance [3,4]. Although using the AM technology to create 
complex-geometry parts of aluminum alloys is attractive, not much research has been 
conducted [5,6] on aluminum alloys fabricated by AM processes with the exception of 
AlSi10Mg [7-11]. The addition of silicon in aluminum alloys is done to reduce oxygen 
absorption and enhance melt pool fluidity. This reduces the oxidation and increases the 
wettability between successive layers. Silicon has also been shown to increase the 
powder flowability in powder-bed fusion based AM processes [7,12]. AM of aluminum 
alloys with low silicon content has not been extensively studied because of processing 
difficulty. AM of aluminum is exacerbated in powder-bed fusion processes due to the 
high percentage of volumetric reduction and the poor fluidity of molten metal associated 
with aluminum powder during solidification, leading to the high porosity (~10% 
porosity) of the AM-fabricated part [13]. Moreover, the surface area of the powder 
promotes more oxidation, which could be detrimental to the part properties [13,14]. 
Therefore, processing aluminum powder to create fully dense parts has been proven
difficult to achieve.
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The study reported in the present paper uses a different approach known as the 
laser-foil-printing (LFP) process, which utilizes foil as the feedstock to alleviate the 
problems associated with powder processing described above. Laser-foil-printing is a 
laminated object manufacturing process developed at the Missouri University of Science 
and Technology. It has been used to build 3D-structural parts of Zirconium-based 
amorphous metals [15] and crystalline metals such as carbon steel and stainless steel 
[16,17] layer by layer. LFP uses a dual-laser system to weld each layer of metal foil onto 
the substrate or a previously fabricated layer and then cut the cross-sectional contour for 
the fabrication of each layer. In this LFP process, the thickness of foil can be tens of 
micrometers to hundreds of micrometers. The cooling rate of melt pool using the metal 
foil as the feedstock is high enough to generate fine crystalline grain structures or even 
amorphous structures if desired [15,17] because the thermal heat of the melt pool can be 
conducted away efficiently through the foil, instead of powder whose thermal 
conductivity of powder is significantly lower than the foil [18]. Furthermore, the 
formation of shrinkage pores can be minimized because the usage of foil does not involve 
high volumetric reduction during the melting and solidification process.
In this study, Al-1100 is selected as the material in the LFP process since it has 
the highest thermal conductivity, highest optical reflectivity, highest oxidation tendency, 
high thermal expansion, and low percentage of volatile elements among the aluminum 
alloys that are considered not suitable for the powder-bed fusion processes, which is very 
challenging because of the increase in oxidation layer formation and the difficulty of 
stabilizing the melt pool formation [13,14]. While the Al-1100 powder has unfavorable 
physical properties, using foil as the feedstock is ideal for Al-1100 because it circumvents
those aforementioned issues by minimizing the surface exposure, oxidation, and pore 
formation. The process window of Al-1100 is investigated and optimized through cross- 
sectioning of samples on a single-layer laser welding with various process parameters. 
Utilizing the optimized parameters, Al-1100 parts are fabricated by the LFP process. The 
fabricated samples are investigated by quantifying their mechanical properties through 
tensile tests and visualization of microstructure using metallography and electron back- 
scattered diffraction, in comparison to the annealed aluminum samples.
2. PROCESS OVERVIEW AND EXPERIMENTAL SETUP
2.1. LASER FOIL PRINTING (LFP)
Al-1100 (commercial grade pure aluminum, >99% aluminum) foil is used as the 
feedstock in this study. The thickness of the foil was 150 pm, which is readily available 
commercially. The LFP system consists of a continuous-wave (CW) fiber laser (IPG 
YLP-1000) for welding and an ultraviolet (UV) pulsed laser for cutting, as schematically 
shown in Figure 1. The CW fiber laser subsystem includes a galvo-mirror scanner 
(SCANLAB) and an F-9 lens. The UV pulsed laser (Coherent AVIA-355X) subsystem 
includes optical reflection mirrors, a focal lens, and high-precision Aerotech motor- 
driven stages. The CW fiber laser has a center wavelength of 1070 nm, beam quality 
factor M2 of 3.04, and maximum average power output of 1000 W. The focal length of 
the F-9 lens is 330 mm, and the laser spot size (d) is ~160 pm. For the UV laser, its center 
wavelength, pulse width, and maximum average power output are 355 nm, 30 ns, and 10
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W, respectively. The focus length of the lens is 100 mm and the laser spot size is 40 
pm. Both the CW and UV laser beams are focused on the foil surface.
To build an aluminum part using the LFP process, five steps are followed for each 
layer, as illustrated in Figure 2. First, a layer of metal foil is placed onto the substrate or a 
previously welded layer (see Figure 2(a)). Next, spot welding is applied on the metal foil 
using the CW fiber laser (see Figure 2(b)). The purpose of spot welding is to fix the foil 
onto the previous layer to prevent the foil from possible thermal distortion/curving. The 
third step is pattern welding which uses a meander scan strategy, as shown in Figure 2(c). 
The foils are welded under an argon shielding atmosphere with an oxygen content of 
~1%. The fourth step is to cut the pattern’s contour using the UV pulsed laser (see Figure 
2(d)). Finally, the excess foil is removed (see Figure 2(e)). Note that the foils can be pre­
cut into the shape for each layer according to the CAD file of the part and then the cut 
foils are welded together layer by layer.
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Figure 1. Schematic illustration of the LFP system.
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Figure 2. Schematic illustrations of the five steps in LFP for the processing of each layer: 
(a) foil feeding; (b) spot welding; (c) pattern welding; (d) contour cutting; (e) excess foil
removing.
In this study, a 6-mm-thick Al-1100 plate was used as the substrate. To increase 
the fabrication efficiency, two foils (thickness of 150 pm for each foil) were stacked and 
welded together at the same time using a single weld, which means a thickness (s1) of 
300 pm for every part layer. For spot welding, the laser power was 700 W, the weld time 
was 7 ms, and the distance between spots was 1 mm. For cutting the pattern's contour, the 
pulse energy was 0.16 mJ with the pulse repetition rate of 4 kHz and the cutting speed of 
1 mm/s. For pattern welding, the process parameters were investigated using various laser 
powers and speeds with the hatch space (h) of 0.15 mm. The laser power (P) was ranged 
from 630 to 700 W, the laser scan speed (v) was 100-400 mm/s, and the spot size (d) was 
160 pm. The volumetric energy input (VEI) and the power density (Pd) of laser pattern
welding can be calculated using the equations of VEI=P/(v-h-s1) and Pd=8P/(nd2), 
respectively [19].
The optimal process parameters, with which the melt pools are penetrated to the 
substrate and stably formed without pores formation, were chosen through a parametric 
study to build an LFP-fabricated Al-1100 block with the dimensions of 18 mm 
(length)x 12 mm (width)*10 mm (height), as shown in Figure 3. In Figure 3(a), the X- 
axis is parallel to the laser scanning direction; the Y-axis is perpendicular to the laser 
scanning direction; the Z-axis is parallel to the layer building direction.
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Figure 3. (a) Al-1100 alloys fabricated by LFP; (b) side view of a part fabricated by LFP 
showing how the X-axis direction and Z-axis direction tensile specimens were extracted;
(c) dimensions of the tensile specimen.
2.2. CHARACTERIZATION
The LFP-fabricated aluminum blocks were then cut off from the substrate for 
analysis. The oxygen determinator (Leco TC500) was used to measure the oxygen 
content using the carrier-gas hot extraction method. The microstructure and the fracture 
surface were characterized by using an optical microscope (OM, Nikon Epiphot 200), an 
X-ray diffraction instrument (XRD, Philips X’pert MRD), and a scanning electron 
microscope (SEM, Helios Nanolab 600) equipped with electron backscattered diffraction
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(EBSD) and energy-dispersive X-ray spectroscopy (EDS) detectors. The specimens for 
OM and EBSD analyses were polished utilizing standard metallographic techniques using 
#320 grind paper, 9 pm, 3 pm, or 1 pm diamond suspensions, and 0.04 pm silica. The 
specimens were etched by immersion in Keller’s Reagent (95% deionized water, 2.5% 
nitric acid, 1.5% hydrochloric acid, and 1% hydrogen fluoride) for revealing the melt 
pools. The porosity was determined by calculating the area of the pores in OM images of 
the cross-section with reference to the total area of 63 mm2. The area of pores was 
measured using ImageJ software [20]. The EBSD patterns had the scanning area of 
600^600 pm2 with a step size of 2 pm. The average grain size in each EBSD pattern was 
calculated by following the ASTM E2627-13 standard [21].
The tensile strengths of the LFP-fabricated Al-1100 specimens were measured 
along the layer building direction (indicated by “Z”) and along the laser scanning 
direction (indicated by “X”). The tensile specimens as shown in Figure 3(b) were 2 mm 
thick, and they were cut from the fabricated aluminum blocks using wire electrical 
discharge machining (EDM) [22]. The tensile tests were conducted on an INSTRON 
machine with a clip-on extensometer at room temperature at the speed of the machine 
crosshead of 0.015 mm/mm/min (strain rate per minute). Five LFP-fabricated tensile 
specimens in both X and Z directions and the annealed aluminum were tested, and the 
mean value with the standard deviation of each test was reported. The annealed 
aluminum was fabricated by following the ASTM-B209 standard with annealing heat
treatment [23].
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3. RESULTS AND DISCUSSION
In order to ascertain the feasible process parameters for building Al-1100 parts 
using the LFP process, we conducted a parametric study by investigating the effect of 
depth and width of melt pool with various laser power densities, volumetric energy inputs 
(VEIs), and laser scanning speeds on Al-1100 alloys. We also examined the specimens’ 
cross-sections, which are shown in Figure 4. The width and depth of melt pools in Figure 
4(a) at different levels of VEI, power density, and scanning speed were measured and 
summarized in Figures 4(b) & 4(c), respectively, along with their standard deviations. 
Figure 4(a) shows that the power density of 6.3 MW/cm2 is not sufficient to create 
penetrating and stable melt pools to the substrate even using the slowest scanning speed 
of 100 mm/s. Based on the large standard deviation of melt pool depth at the laser power 
density of 6.3 MW/cm2 in Figure 4(c), the melt pool is unstable because the high thermal 
conductivity of Al-1100 could quickly conduct heat away, causing the situation of 
lacking laser energy. Therefore, the power density needs to be increased in order to have 
stable melt pools. As the power increases to 6.6 MW/cm2, the melt pools are stably 
formed at the VEI of 73 & 147 J/mm3; however, pores are found with higher energy 
inputs and the top surface becomes rough. As the power density reaches 7.0 MW/cm2, 
the formation of melt pools is stabilized at the minimum VEI of 52 J/mm3. However, as 
the VEI increases to 78 J/mm3, micro-pores (marked by yellow circles in Figure 4(a)) are 
observed at the bottom of the melt pool, which is a typical feature in the keyhole mode of 
laser welding [24]. In Figure 4(c), the standard deviations of melt pool width and depth at 
7.0 MW/cm2 are relatively small in comparison to the other VEIs because the laser
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power density is high enough to provide sufficient heat flux for overcoming the high 
thermal conduction mechanism and stabilizing the formation of melt pools. With the 
increase in power density, the Marangoni flow of the melt pool could change from the 
negative surface tension gradient (the molten metal flows from the center toward the edge 
of the melt pool and causes a small penetration depth) to the positive surface tension 
gradient (the molten metal flows from the edge toward the center of the melt pool and 
causes a larger penetration depth) [25]. Therefore, the threshold of power density for 
producing a stable melt pool is found to be 7.0 MW/cm2. This is the highest threshold of 
power density reported in the literature among aluminum alloys because Al-1100 does 
not contain volatile elements (e.g., magnesium, zinc, lithium) that can help stabilizing the 
formation of melt pools [26-28]. Hereafter, the desirable process parameters of 7.0 
MW/cm2, 300 mm/s, and 52 J/mm3 were used to build Al-1100 parts using the LFP 
process.
The tensile properties of the annealed aluminum and LFP specimens were 
measured using standard tensile tests. Figure 5 presents the results of tensile testing on 
the annealed aluminum and the LFP-fabricated specimens in the laser scanning and layer 
building directions with the yield strength (YS), ultimate tensile strength (UTS), and the 
elongation at the breaking point with one standard deviation. It can be seen that the 
strength of the LFP part is higher in both directions than the annealed aluminum. 
However, the ductility of LFP part is less when compared to the annealed aluminum due 
to the existence of gas pores shown in Figure 6(b) [29]. In Figure 5, the standard 
deviation of YS and elongation of the LFP-fabricated parts are larger than the annealed 
aluminum due to the presence of early failures caused by porosity within the gage section
44
[29]. Also, Figure 5 reveals higher tensile strength along the laser scanning direction 
(LFP-X) than the part building direction (LFP-Z), but slightly lower elongation along the 
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Figure 4. (a) Cross-sectioned OM images in Y-Z plane at different levels of power 
density (MW/cm2), volumetric energy input (J/mm3), and scanning speed (mm/s); (b) 
width and (c) depth vs. VEI at the different levels of power density: 6.3 MW/cm2 
(Green); 6.6 MW/cm2 (red); 7.0 MW/cm2 (blue).
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Figure 5. Tensile properties of the annealed and LFPed aluminum specimens in the laser 
scanning (LFP-X) and part building (LFP-Z) directions.
Since tensile properties are known to be affected by oxygen [30], the oxygen 
contents were measured. The oxygen contents of the annealed aluminum, foil, and LFP- 
fabricated part measured were 306 ± 31 ppm, and 73 ± 21 ppm, and 372 ± 59 ppm, 
respectively. Although the oxygen content of the fabricated part increased ~300 ppm after 
LFP process, implying oxygen was absorbed by the molten metal during solidification in 
the build chamber, the oxygen contents between the annealed and LFP-fabricated parts 
are similar.
The annealed aluminum and LFP-fabricated parts were cross-sectioned and 
etched for revealing their microstructures and melt pool traces, as shown in Figure 6. The 
porosities of the annealed aluminum and LFP-fabricated parts are 0.1% and 0.7%, 
respectively. The geometries of pores within the LFP-fabricated part in Figures 6(b) & 
6(c) are dome-shaped and globular. The oxygen content obtained using energy-dispersive
X-ray spectroscopy (EDS) shown in Figure 7(b) is due to the abundant aluminum 
oxide found at the shell of the pore in Figure 7(a). The geometry and oxidation indicate 
that the voids are either pores generated from the bubbles of dissolved gas during the 
solidifying of melt pool at the interface between the solid and solidifying melt pool [31], 
or due to entrained gas from the gaps between the foil and the substrate [32]. Moreover, 
the etched surface of an annealed aluminum specimen in Figure 6(a) exhibits typical 
equiaxed grain boundaries (yellow dashed lines). However, Figures 6(b) and 6(c) 
pertaining to the X-Y plane and Y-Z plane cross-sections of LFP processed aluminum 
parts, respectively, contain columnar grains indicative of a high cooling. In Figure 6(b), 
the growth direction of columnar grains were observed to originate from the edges of 
melt pool (red dashed lines) toward its center with an angle of ~45 degrees along the laser 
beam scanning direction (green arrows); the columnar grains in Figure 6(c) grow from 
the boundary of melt pools (red dashed line) toward its symmetric center line of melt 
pool as shown in red arrows.
The fracture surface of the annealed aluminum which has the highest ductility of 
the tensile specimen is compared with the fracture surface of the LFP part which has the 
lowest ductility of the tensile specimen as shown in Figure 8. The red, green, blue, and 
purple arrows represent the quasi-cleavage, slip regime, dimple, and elongated gas pore 
in Figure 8, respectively [33]. Fine and dense dimples are observed in the fracture surface 
of the annealed aluminum that was the typical fracture feature of the ductile material 
formed during the microvoid coalescence in Figure 8(a). However, since there are some 
gas pores formed during the LFP process, the fracture surface of the LFP part contains
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quasi-cleavages, slip regimes, sparse dimples, and elongated gas pores, as shown in 
Figure 8(b) [33,34]. Thus, the parts fabricated by the LFP process have less ductility
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Figure 6. OM images of the etched surface of (a) annealed aluminum part; (b) LFP- 
fabricated part in X-Y plane; (c) LFP-fabricated part in Y-Z plane. Yellow dashed lines 
in (a) represent the grain boundary; red dashed lines in (b) & (c) represent the boundry of 
melt pool; the red arrows in (b) & (c) represent the grain growth direction; green arrows 
represent the laser scanning direction in (b).
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Figure 7. (a) SEM image of a pore of LFP-fabricated specimen and (b) its EDS mapping
of oxygen content.
Figure 8. SEM images showing the fracture surface of the tensile aluminum specimens: 
(a) annealed; (b) LFP-X. The red, green, blue, and purple arrows represent quasi­
cleavage, slip regime, dimple, and elongated pore, respectively.
EBSD analysis was performed on the LFP-fabricated and annealed Al-1100 
samples to access crystallographic texture and spatial distribution of the Al-1100 grains. 
The analyses were conducted on the 600 x 600 pm2 polished surfaces on X-Y and Y-Z 
planes of the LFP-fabricated samples. All EBSD orientation maps and the pole figures 
acquired from LFP-fabricated samples are presented with respect to the local growth
direction to simplify the discussion. The grain microstructure of the annealed sample 
was also investigated by using EBSD. Note that only face-centered cubic (f.c.c.) 
aluminum crystal structure is observed in all EBSD data.
As shown in Figure 9(a), the representative EBSD orientation map reveals the 
spatial distribution and crystallographic orientations of Al-1100 grains with respect to the 
local growth direction of the grains on the X-Y plane of the LFP-fabricated sample. The 
columnar grain structure is observed, with an average grain size of 42.1 ± 10 pm. The 
growth of columnar grains follows the solidification path toward the heating source. 
Typically, the grains are grown from the melt pool boundary toward the center of melt 
pool. Figure 9(a) shows the grain growth direction at a ~45° tilt angle off the laser 
scanning track because of the temperature gradient of melt pool. This is consistent with 
the microstructure in Figure 6(b). High density of low-angle grain boundary (LAGB, 
misorientation angle: 2o-15o) is found in the columnar grains in Figure 9(a), with the 
subgrain size of 6 ± 3 pm, which is much smaller than the grain size. The variety of 
subgrain density is related to the local temperature gradient of the melt pool because the 
cooling rate at the boundary of melt pool is higher than the centerline of melt pool and 
forms more subgrains at the boundary. The subgrains are observed on the Y-Z plane of 
LFP-fabricated sample in Figure 9(b) as well. These naturally-formed LAGBs have also 
been found in the selective laser melting fabricated materials [35]. On the other hand, 
equiaxed grains are observed in the annealed sample, with an average grain size 20.1 ±
3.5 pm, as shown in Figure 9(c). Little to no LAGBs are found in the annealed sample.
The relationship between grain/subgrain size and mechanical properties were also 
studied. As reported in the earlier paragraph pertaining to Figure 5, higher YS and UTS
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are measured in the LFP-fabricated sample compared with the annealed sample. This 
attributed to the formation of small subgrains during solidification. The subgrain 
boundaries inhibit dislocation movement when stress is applied, and hence the 
mechanical strength of the materials is enhanced. However, pileups of dislocations at 
grain/subgrain boundaries in the LFP-fabricated sample result in a reduction in ductility, 
as shown in Figure 5.
Furthermore, the crystallographic texture of the LFP-fabricated sample is 
presented in the averaged pole figures shown in Figure 9(d). The {001} pole figure 
intensities are dominated by the regions appearing in red in Figure 9(a), indicating that 
Al-1100 columnar grains preferentially grow along this orientation. The other intensity 
clusters in the {001} pole figure, labeled B, C, D, E in Figure 9(d) are associated with 
symmetrically equivalent poles in the f.c.c. structure, which are inclined by 90o. As 
expected, the intensity clusters in {111} pole figure are observed 45o-tilt away from 
{001} poles. The mosaicity in the growth direction is measured to be ~18o from the 




Additive manufactured parts of Al-1100 aluminum alloy by the laser-foil-printing 
(LFP) process have been investigated. The process parameter window has been studied 
through the combination of different levels of power density, scanning speed, and 
volumetric energy input to find the threshold of power density for stabilizing melt pool
formation during the laser welding process. Al-1100 specimens were built with a 
density of 99.3% using the LFP process. The yield strength, ultimate tensile strength, and 
ductility of the Al-1100 specimens fabricated by this additive manufacturing process are 
measured and compared with the annealed aluminum parts; the yield strength and 
ultimate tensile strength are 51% and 22% higher, respectively, but the ductility is 54% 
lower. Electron backscattered diffraction patterns showed low-angle-grain-boundary 
subgrains formed within high-angle-grain-boundary grains during the fast cooling of the 
LFP process, with the dominant grain growth orientation of {001}.
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Figure 9. EBSD patterns of (a) X-Y plane of LFP-fabricated aluminum part and (b) Y-Z 
plane; (c) annealed aluminum part. The scan direction, the grain growth direction, and the 
melt pool boundaries are marked by yellow arrow, black arrow, and green dashed line, 
respectively, in (a). Thicker lines and thinner lines in (a)-(c) represent high angle grain 
boundaries (misorientation angle > 15o, HAGB) and the low angle grain boundaries 
(misorientation angle between 2° and 15°, LAGB). (d) The poles figures from {001} and 
{111} reflections were acquired from the area shown in (a).
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ABSTRACT
The success of laser-foil-printing (LFP) additive manufacturing depends critically 
on the laser welding of sheet metals onto the substrate or the previous layer during the 
part fabrication process. The welding can be generally categorized into two modes: 
conduction mode and keyhole mode. In this study, 304L stainless steel parts fabricated by 
the LFP process using the two laser welding modes are compared. The porosity, 
microstructure, and tensile properties of the fabricated parts in these two modes are 
measured and compared in the laser scanning direction (X) and part building direction 
(Z). The parts fabricated in the conduction mode have a higher density than those 
fabricated in the keyhole mode. On the tensile properties, both yield strength (YS) and 
ultimate tensile strength (UTS) have insignificant differences statistically based on the 
ANOVA analysis between the tensile specimens fabricated with the two welding modes 
by the LFP process. However, the conduction-mode parts have higher elongation than the 
keyhole-mode parts in both the X and Z directions, and the difference is especially
significant in the Z-direction. By using the electron backscattered diffraction (EBSD), 
it was found that the much higher ductility for the conduction-mode parts in the Z-axis 
direction is mainly due to the distinct grain boundary interface density in the Z-axis 
direction between the two welding modes.
1. INTRODUCTION
The laser welding process has been widely used to fabricate metallic components 
for applications in aerospace, automotive and other industries [1,2]. Besides joining of 
parts, laser welding could also be used in additive manufacturing processes [3,4]. The 
laser welding process uses a high power laser to heat up and melt two contiguous or 
lapped metallic pieces, creating a sound bonding between similar [5,6] or dissimilar [7,8] 
materials. Depending on laser power density and scanning speed, the laser welding 
mechanism may change from conduction-mode welding (where laser energy is absorbed 
through the object’s surface) to keyhole-mode welding (where laser energy is absorbed 
through Fresnel absorption and reflection) [8]. The former reflects ~60% of incident laser 
beam energy at the wavelength of 1.06 pm [9], while the latter can absorb nearly all the 
laser beam energy [10]. The high laser energy absorption in keyhole-mode welding is due 
to the multiple reflections of the laser incident beam and the plasma-enhanced coupling 
effect [11] within a hole at the center of the melt pool, in which the hole is opened by the 
recoil-pressure of the metal vapor generated by the high laser power density irradiation
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[12,13].
The formation of melt pools for both welding modes has been simulated and 
predicted using a numerical model [14,15,16]. The threshold that changes laser welding 




a \  ala ) (1)
where ut is the keyhole-threshold laser scan speed; D is the thermal diffusivity; o is the 
laser spot size; a is the laser absorption coefficient; I is the laser power density; k is the 
thermal conductivity; and Tb is the boil temperature. According to Eq. (1), for the 304L 
stainless steel used in this study, the threshold (ut) can be changed by varying the laser’s 
scan speed, power density, and spot size.
In theory, conduction-mode laser welding should only include a heat conduction 
mechanism without involving any liquid flow. However, the molten metal inevitably 
flows during the laser melting process due to the temperature gradients between the 
center and boundary of a melt pool induced by Gaussian laser beam distribution [18]. 
Furthermore, the Marangoni convection flow could change in different welding modes 
[19]: the conduction-mode molten metal flows from the center of a melt pool to the 
boundary of the melt pool (negative surface tension) while the keyhole-mode molten 
metal flows from the boundary of a melt pool to the center of the melt pool (positive 
surface tension) [20]. The aspect ratio (AR), which is the ratio of depth to width of a melt 
pool, is typically used to distinguish the laser welding mode [21]. As a result, the melt 
pool created by conduction-mode laser welding is relatively shallow and wide, while the 
keyhole-mode welding creates a melt pool that is relatively deep and narrow [22].
59
For additive manufacturing processes, single-track melt pools created by both 
laser welding modes have been studied on Ti-6Al-4V (Ti64) and 316L [17,23,24] using 
the laser powder-bed fusion (LPBF) process. LPBF-fabricated Ti64 parts using the 
conduction-mode laser welding have higher formability (less porosity) than the keyhole­
mode laser welding [24]. However, parts fabricated by the keyhole-mode welding have a 
better combination of strength and ductility (i.e., comparable strength but higher 
ductility) [24,25]. No research has been conducted thus far to investigate the effect of 
laser welding mode on mechanical properties of 304L stainless steel (SS) AM parts. The 
present paper reports an investigation of the relationship between mechanical properties 
and microstructures in 304L SS parts produced by the two laser welding modes using the 
laser-foil-printing (LFP) process. The LFP process is a laminated object manufacturing 
process using foils as the feedstock to fabricate metal parts layer by layer, where each 
layer of foil is stacked onto the substrate or a previously fabricated layer. A dual-laser 
system is then used to weld foils and cut the cross-sectional contour for each fabricated 
layer. This technique has been demonstrated to fabricate high-quality (low-porosity and 
high-strength) 3D-structural metallic parts with crystalline or amorphous microstructures 
(e.g., zirconium-based metallic glass, 304L stainless steel, AISI1010 carbon steel, and 
Al-1100 aluminum alloy) [26,27,28,29].
In this study, single-track laser welding was conducted first using various laser 
welding speeds to weld 304L SS foils on a stainless-steel substrate at a laser power of 
400 W. Based on the aspect ratio of melt pool from the single-track laser welding 
experiments, optimal process parameters were selected for both welding modes. Then, 
304L metallic parts were fabricated by the LFP process using the two laser welding
modes. Tensile properties, porosity, micro hardness, microstructure, and electron back- 
scattered diffraction were measured or characterized for the LFP-fabricated 304L parts to 
understand the differences between the parts fabricated by the keyhole and conduction 
laser welding modes.
2. PROCESS OVERVIEW AND EXPERIMENTAL SETUP
2.1. LASER FOIL PRINTING (LFP)
In this study, the laser-foil-printing (LFP) process was used to fabricate 3­
dimensional parts layer by layer using the 304L SS foil as the feedstock. The foil 
thickness was 125 pm. The LFP system consisted of two laser systems: a continuous- 
wave (CW) infrared (IR, center wavelength = 1070 nm) fiber laser (IPG YLP-1000) for 
welding and an ultraviolet (UV, center wavelength = 355 nm) pulsed laser for cutting, as 
shown in Figure 1. The CW fiber laser subsystem included a galvo-mirror scanner 
(SCANLAB hurrySCAN-30), and an F-9 lens. The UV pulsed laser (Coherent AVIA- 
355X) subsystem included optical reflection mirrors, a focal lens, and high-precision 
Aerotech motor-driven stages. The CW IR fiber laser had a beam quality factor, M2, of
3.04, and a maximum average power output of 1000 W. The focal length of the F-9 lens 
was 330 mm, and the spot size (a) was ~160 pm. For the UV laser, its pulse width and 
maximum average power output were 30 ns and 10 W, respectively. The focal length of 
the UV lens was 100 mm and the UV spot size was 40 pm. Both laser beams were 
aligned and focused on the foil surface.
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To fabricate a 304L SS part using the LFP process, each layer fabrication 
included six steps, as illustrated in Figure 2. First, a layer of metal foil was manually 
placed on the substrate or a previously welded layer (see Figure 2(a)). Next, spot welding 
was done on the metal foil using the CW fiber laser (see Figure 2(b)) to fix the foil onto 
the previous layer in order to prevent the foil from possible thermal distortion/curving. 
The third step was pattern welding, which enables a meander scan strategy (back-and- 
forth path with a hatch space of 0.1 mm), as shown in Figure 2(c). The foil is welded 
under an argon shielding atmosphere with ~1% oxygen (O2). The flow rate of argon gas 
is 11 liters per minute. The fourth step was to cut the pattern’s contour using the UV 
pulsed laser (see Figure 2(d)). After UV laser cutting, the excess foil could be removed 
(see Figure 2(e)). The surface was then polished as shown in Figure 2(f) to make a flat 
surface for next-layer fabrication. Note that the foil can be pre-cut into the required shape 
and dimensions for each layer according to the CAD file of the part and then the cut foils 
are welded together layer by layer.
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Figure 1. The LFP system constructed and used in the research.
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Figure 2. Schematic illustrations of the six steps in the LFP process for the fabrication of 
each layer: (a) foil feeding; (b) spot welding; (c) pattern welding; (d) contour cutting; (e) 
excess foil removing; and (f) surface flattening.
In this study, a 12.8-mm-thick 304L SS plate was used as the substrate. A 125 pm 
thick foil was used for every layer. For spot welding, the laser power was 400 W, the 
laser dwell time for each spot was 0.3 milliseconds, and the distance between two 
neighboring spots was 1 mm. For cutting the pattern's contour, the pulse energy was 0.16 
millijoules with the pulse repetition rate of 4 kHz, and the cutting speed was 1 mm/s. To 
apply proper process parameters for conduction-mode and keyhole-mode laser welding in 
pattern welding, a preliminary study was conducted to investigate the formation of melt 
pool in the single-track laser welding. Only 304L SS foil was used in this study, and the 
boiling temperature, thermal conductivity, thermal diffusivity and laser absorption 
coefficient in Eq. (1) were constant. We set the laser power density (I) and laser spot size 
(a) constant to make ut a constant. Thus the melt pools of conduction-mode and keyhole­
mode welding could be created at different laser scanning speeds to result in different
aspect ratios of the melt pool. Because ut was 294 mm/s, which could be calculated by 
substituting the coefficients in Table 1 into Eq. (1), the scanning speeds of 100, 200, 300, 
and 400 mm/s were used at a constant laser power of 400 W to weld a layer of foil on the 
substrate to result in various depths and widths of the melt pool for conduction-mode and 
keyhole-mode welding.
The desirable process parameters for conduction-mode or keyhole-mode laser 
welding were chosen through a parametric study to build LFP-fabricated 304L SS test 
parts with the dimensions of 18 mm (length) x 12 mm (width) x 10 mm (height), as 
shown in Figure 3. In Figure 3(a), the X-axis is parallel to the laser scanning direction; 
the Y-axis is perpendicular to the laser scanning direction; and the Z-axis is parallel to the 
part building direction.
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Table 1. Properties of 304L SS and laser beam
Property_________________ 304L SS
Boiling temperature (K) 3,100
304L SS Thermal conductivity (W m_1 K '1) 14
[30,31,32.33] Thermal diffusivity (m2 s-1) 0.37x10®
Laser absorption coefficient 0.38
Laser beam Spot size (mm)Laser power density {W cm-2)
0.16
4x10*5
Figure 3. (a) side view of a 304L SS part fabricated by LFP showing how tensile 
specimens were extracted along the laser scanning direction (X) and layer building 
direction (Z); (b) dimensions of the tensile specimen.
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2.2. CHARACTERIZATION
The LFP-fabricated 304L SS specimens were sliced, polished, and electro-etched 
for analysis. The polishing procedure followed the standard metallographic techniques 
using the following: #320 grind paper; 9 pm, 3 pm, and 1 pm diamond suspensions; and 
0.04 pm silica. The electro-etching process immersed 304L SS specimens in a diluted 
nitric solution (70% nitric acid and 30% deionized water) at 1.5 volts. Then the 
microstructure and the melt pool were characterized by using an optical microscope (OM, 
Nikon Epiphot 200), and a scanning electron microscope (SEM, Helios Nanolab 600) 
equipped with a electron backscattered diffraction (EBSD) detector. The porosity was 
obtained by calculating the area of each pore on the OM images of the cross-sections in 
the XY and YZ planes with a total area of 21.7 mm2. The total area of pores was 
measured by ImageJ software [34]. The EBSD patterns had a scanning area of 600 x 600 
pm2 with a step size of 2 pm. The average grain size in each EBSD pattern was 
calculated by following the ASTM E2627-13 standard [35].
The tensile strengths of the LFP-fabricated 304L parts using the two different 
laser welding modes were measured along the layer building direction (i.e., indicated by 
“Z”) and along the laser scanning direction (i.e., indicated by “X”). The tensile specimens 
were 1 mm thick and they were cut using wire electrical discharge machining (EDM) as 
shown in Figure 3(a). An Instron machine was used to measure the tensile specimens 
with a clip-on extensometer at room temperature with the crosshead speed of 0.015 
mm/mm/min (strain rate per minute). Seven LFP-fabricated tensile specimens in the X 
and Z directions and the conduction-mode and keyhole-mode of laser welding were 
measured, and the mean values with the standard deviations were reported. The micro­
hardness was measured using a Vickers micro-hardness tester (Struers, Duramin 5) 
with 2 kgf load and 10 s loading duration following the ASTM E92-17 standard:
Standard Test Methods for Vickers Hardness of Metallic Materials [36]. The 2 kgf load 
could create a wide-range indentation mark to get an average hardness. The reported 
micro-hardness value was the average of 10 indentation measurements with a standard 
deviation. The two-way ANOVA statistical analysis was used to analyze the tensile test 
results with p<0.001.
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3. RESULTS AND DISCUSSION
3.1. SINGLE-TRACK LASER WELDING
Single-track scan lines were created by welding a foil upon the substrate using the 
different laser scanning speeds of 100, 200, 300 and 400 mm/s and a constant laser power 
of 400 W. The top-surface (X-Y plane) and vertical cross-section (Y-Z plane) 
morphologies are shown in Figure 4. The average depth (D), width (W), and aspect ratio 
(AR) of the four melt pools with different scanning speeds were also shown in Figure 4. 
Based on the melt pool geometries in the figure and their ARs, it can be concluded that 
the laser welding at the scanning speed of 100 mm/s and 200 mm/s were keyhole-mode 
welding (its shape similar to a keyhole) while the others were conduction-mode laser 
welding (its shape similar to a semicircle). In the keyhole-mode laser welding, coarse 
ripples were observed on the surface morphology at the scanning speed of 100 mm/s 
while fine ripples were observed at the scanning speed of 200 mm/s, as shown in Figures 
4(a) and 4(b). The ripples increased surface roughness. Besides ripples, pores were
observed in the sample (e.g., the red arrow mark in Figure 4(e)) obtained at the 100 
mm/s scanning speed. From the aspect of laser energy input, the energy input at 100 
mm/s scanning speed applies redundant energy, compared to the energy input at 200 
mm/s scanning speed, to create sound bonding on the foil thickness of 125 pm between 
layers, but it could cause side-effects (e.g., foil distortion) during the fabrication of metal 
parts. Therefore, the scanning speed of 200 mm/s was more desirable than 100 mm/s for 
keyhole-mode laser welding because pores were not observed and ripples were relatively 
fine. In the conduction-mode laser welding, coarse ripples were not observed on the 
surface at both 300 mm/s and 400 mm/s as shown in Figures 4(c) and 4(d) because less 
power input alleviates the flow of melt pool. Although the melt pool depths in both 
Figures 4(g) and 4(h) were greater than the layer foil thickness of 125 pm, the larger 
depth should be selected to prevent potential un-melted defects occurring in multi-layer 
fabrication due to the existence of melt pool depth fluctuation. Therefore, hereinafter in 
this study, the scanning speed of 200 mm/s and 300mm/s at the laser power of 400W 
were selected for the keyhole-mode and conduction-mode laser welding, respectively, to 
build 304L SS parts using the LFP process.
3.2. MICROSTRUCTURE CHARACTERIZATION
Polished cross-section OM images in the Y-Z plane of LFP-fabricated 304L SS 
parts using conduction-mode and keyhole-mode laser welding are shown in Figures 5(a) 
and 5(b), respectively. Their porosities based on pores in the XY and YZ cross-sections 
were 0.1 % and 0.5 % in the conduction-mode and keyhole mode samples, respectively. 
Etched cross-sectional OM and SEM images are shown in Figures 5(c)-5(f). In Figures
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5(d) and 5(f), pores in keyhole-mode welding specimens were found at the bottom side 
of melt pool because those pores were formed due to the collapse of keyhole during 
keyhole-mode laser melting [15]. The size of pores in Figure 5(e) is smaller than 10 pm 
while the size of pores in Figure 5(f) is ~25 pm. The average depth, width, and aspect 
ratio of twenty melt pools resulting from the conduction-mode laser welding were 189 ± 
19 pm, 285 ± 20 pm, and 0.7, respectively; see Figure 5(e). The average depth, width, 
and aspect ratio of melt pools resulting from the keyhole-mode laser welding were 363 ± 
27 pm, 336 ± 17 pm, 1.1, respectively; see Figure 5(f).
The microstructures of melt pools of conduction-mode and keyhole-mold welded 
AM parts are shown in Figure 6. In Figures 6(a) and 6(b), dendritic structures were 
observed in the Y-Z plane of both modes. The microstructures of both modes in the X-Y 
plane showed cellular structures at the boundaries of melt pools in Figures 6(c) and 6(d), 
where the cell spacings, i.e., distances between cells, of the conduction-mode and 
keyhole-mode welding were approximately 0.56 pm and 1.03 pm, respectively. The cell 
spacing (k1), was estimated from the length of the measured green line divided by the 
number of cells in Figures 6(c) and 6(d). The cellular structures were found only at the 
boundaries of melt pools because the temperature gradient of melt pool at the center 
location was smaller than that at the boundary [29]. The cell spacing could be used to 
estimate the highest cooling rate of melt pool as follows [37,38]:
A1 = 80T-033 (2)
where ki is the cell spacing and T is the melt pool cooling rate during solidification.
Thus, the cooling rates of conduction-mode and keyhole-mode welding were 3.4 x 106 
K/s and 0.53 x 106 K/s, respectively.
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D: 553 ± 52 pm D: 381 ± 48 pm D: 227 ± 3 pm D: 161 ± 8pm
W: 478 ±56 pm W: 370 ± 25 pm W: 318 ± 5 pm W: 251 ± 6pm
AR: 1.16 AR: 1.03 AR: 0.72 AR: 0.64
Figure 4. Single-track surface morphology (X-Y plane) OM images at a laser power of 
400 W and the scan speed of (a) 100 mm/s, (b) 200 mm/s, (c) 300 mm/s, and (d) 400 
mm/s; the corresponding cross-section morphology (Y-Z plane) SEM images are shown
in (e)-(h).
Figure 5. Polished cross-section OM images of (a) conduction mode and (b) keyhole 
mode; etched cross-section OM images of (c) conduction mode and (d) keyhole mode; 




The mechanical properties and stress-strain curves of 304L SS parts made by two 
welding modes were measured along X (parallel to the laser scanning direction) and Z 
(parallel to the part building direction) axes by tensile tests using the Instron machine on 
seven tensile specimens, and the measured results are shown in Figure 7. It can be seen 
that two welding modes exhibited comparable yield strength (YS) and ultimate tensile 
strength (UTS) in the same directions, but the ductility of conduction-mode samples was 
5% higher (69% vs. 64%) in the X-axis direction and 23% higher (94% vs. 71%) in the 
Z-axis direction than those of keyhole-mode samples. The YS and UTS in the X-axis 
direction were higher than those in the Z-axis direction for both welding modes, while the 
ductility in the Z-axis direction was higher than that the X-axis direction. The ANOVA 
analysis was used to analyze YS, UTS, and ductility differences between the different 
welding modes, measurement directions, and their interactions, and the results are given 
in Table 2. Based on the ANOVA results, there were no statistically significant 
differences (p>0.001) between the two welding modes in YS and UTS. Moreover, the 
differences in YS and UTS between X and Z directions were significantly different 
(p<0.001) for both welding modes. Furthermore, the ductility was significantly different 
for both different welding modes and different measurement directions.
Based on the stress-strain curves in Figure 7, the energy absorption per unit 
volume (Eabsorption) to induce material failure can be calculated using the following 
equation [39]:
E a b so rp tio n  =  J  d £ (3)
The calculated energy absorption of conduction-X, conduction-Z, keyhole-X, and 
keyhole-Z were 484±14.9, 615±12.06, 447±23.6, and 471±31.99 MJ/m3, respectively. 
Thus, the 304L SS parts fabricated by conduction-mode laser welding had higher tensile 
toughness than the parts fabricated by keyhole-mode laser welding while their YS and 
UTS were similar. Based on the measured tensile properties, both welding modes formed 
strong bonding between the bulk metallic piece and thin metallic sheet but keyhole-mode 
laser welding would excessively apply heat energy input and may deteriorate the 
mechanical properties (e.g., poor ductility due to pores).
The hardness of LFP-fabricated parts was measured. The Vickers’ hardnesses of 
keyhole-mode welding parts in the X-Y and Y-Z planes were 2.09 ± 0.06 GPa and 2.24 ± 
0.08 GPa, respectively. The hardnesses of conduction-mode welding parts in the X-Y and 
Y-Z planes were 2.14 ± 0.09 GPa and 2.22±0.06 GPa, respectively. The average 
hardnesses in the Y-Z plane were slightly higher than those in the X-Y plane for both 
modes. No hardness difference was found between two modes in ANOVA analysis.
3.4.CRYSTALLOGRAPHIC TEXTURE CHARACTERIZATION
The EBSD band contrast and orientation maps for the conduction-mode and 
keyhole-mode welding samples are shown in Figure 8 for a scanning area of 600 x 600 
pm2. The average grain sizes for the conduction-mode samples in the X-Y and Y-Z 
planes were 8.7 ± 0.5 and 11.9 ± 3.1 pm, respectively, while the average grain sizes for 
the keyhole-mode samples in the X-Y and Y-Z planes were 7.7 ± 0.5 pm and 9.3 ± 1.6 
pm, respectively. The equiaxed grains in the X-Y plane in both modes, as shown in 
Figures 8(b) and 8(f), were finer than the grains in the Y-Z plane as shown in Figures
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8(d) and 8(h). Moreover, the grain structures in the Y-Z plane for the two modes were 
distinctly different from each other. In Figure 8(d), most grains in the conduction mode 
grew along the Z-axis direction except for the last layer, while most of the grains in the 
keyhole mode grew in the direction perpendicular to the Z-axis direction, as shown in 
Figure 8(h). Therefore, the long axis of the conduction-mode columnar grains was 
parallel to the Z-axis direction, while the long axis of the keyhole-mode columnar grains 
was perpendicular to the Z-axis direction. As a result, this preferential grain orientation 
caused the conduction-mode columnar grains to have lower grain boundary interface 
density than the keyhole-mode columnar grains in the Z-axis direction. Because of the 
interface density difference, the resistance for the dislocation movement in the Z-axis 
direction will be less in the conduction mode than the keyhole mode. Therefore, plastic 
deformation can occur more easily and thus the ductility is higher in the Z-axis direction 
for the conduction-mode welding [40]. The difference in grain boundary interface density 
in the Z-axis direction between the two welding modes is the main contributing factor of 
the large difference in ductility (71% for keyhole mode vs. 94% for conduction mode) in 
the Z-axis direction between the two modes in the tensile test. However, there is no great 
difference in grain boundary interface density in the X-axis direction between the two 
welding modes, and thus the ductility difference in the X-axis direction is relatively small 
(64% for keyhole mode vs. 69% for conduction mode) for the two welding modes.
To further investigate the grain structures in the melt pool produced in the two 
welding modes, the grain structures of a single melt pool were measured by the EBSD, 
and the results are presented in Figure 9. In this figure, the melt pool is divided into the 
top zone and the bottom zone. Because of the multiple-layer fabrication, the top zone of
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each layer will be re-melted and re-crystalized during the next-layer fabrication while 
the bottom zone will not be re-melted and thus its grain structure remains unchanged. 
Consequently, the grain structures of LFP-fabricated parts will be similar to the bottom 
zone of the melt pool for all layers except the last layer. The grains of the keyhole-mode 
melt pool grow mostly along the Y-axis direction while the grains of the conduction­
mode melt pool grow mostly along the Z-axis direction. This observation qualitatively 
agrees with Wang’s simulation results [41], which presented a similar grain growth 
behavior of melt pool in the conduction and keyhole welding modes for a single-layer 
fabrication of laser powder-bed fusion process.
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Figure 6. Dendritic microstructure of (a) conduction-mode welded AM part and (b) 
keyhole-mode welded AM part in the Y-Z plane; cellular microstructure of (c) 
conduction-mode part and (d) keyhole-mode part in the X-Y plane.
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Figure 7. Tensile properties of the LFP-fabricated parts using keyhole-mode and 
conduction-mode welding in the laser scanning direction (X) and in the part building
direction (Z).
Table 2. ANOVA analysis of tensile properties
Respouse Source P-Value R2
Mode 0.007








Elongation Direction 0.000 92.4%
Mode*Direction 0.000










Figure 8. Band contrast and EBSD patterns of (a) & (b): conduction mode in the X-Y 
plane; (c) & (d): conduction mode in the Y-Z plane; (e) & (f): keyhole mode in the X-Y 
plane; (g) & (h): keyhole mode in the Y-Z plane.
75
Figure 9. EBSD patterns of a single melt pool using (a) the keyhole-mode and (b) 
conduction-mode laser welding. The yellow line shows the boundary of melt pool. The
dark area indicates no data acquired.
4. CONCLUSION
The 304L SS parts fabricated by the laser-foil-printing process with conduction­
mode and keyhole-mode welding have been investigated experimentally, with the 
porosity, microstructure, and tensile properties of the fabricated parts compared for these 
two welding modes. The results showed that the parts fabricated in the conduction mode 
had lower porosity (0.1% vs. 0.5%) than those fabricated in the keyhole mode. Most 
pores in the keyhole-mode welding parts were found at the bottom of the solidified melt 
pool due to the keyhole collapse. Microstructure characterization for the fabricated parts 
by both welding modes showed that dendritic structures existed in the Y-Z plane and 
cellular structures existed in the X-Y plane, where X-axis is the laser scanning direction 
and Z-axis is the part building direction. The existence of these two different 
microstructures is mainly due to the large differences in cooling rates within and on the
boundary of the melt pool. Based on the ANOVA analysis, the yield strength and 
ultimate tensile strength of the parts are comparable for the two welding modes in both 
the laser scanning direction and the part building direction. However, the ductility of 
conduction-mode samples was 5% higher (69% vs. 64%) in the X-axis direction and 23% 
higher (94% vs. 71%) in the Z-axis direction than those of keyhole-mode samples. The 
main contributing factor of the large difference in ductility in the Z-axis direction is the 
substantial difference in grain boundary interface density along the Z-axis direction 
between the two welding modes, which is verified by the EBSD results that showed most 
grains resulted from the conduction-mode welding grew in the Z-axis direction while 
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ABSTRACT
This paper presents the development and experimental study of a fully automated 
system using a novel laser additive manufacturing technology, called Laser Foil Printing 
(LFP), to fabricate metal parts layer-by-layer. Test specimens and parts with different 
geometries were fabricated from 304L stainless steel foil using this system. The dimensions 
of the fabricated parts were measured, and the mechanical properties of the test specimens 
were characterized. The experimental results show that the dimensional accuracy of the 
LFP fabricated parts are good, and their mechanical strength and ductility are high and 
repeatable. The mechanical strength is higher than those of parts fabricated by laser powder 
bed fusion and directed energy deposition technologies.
1. INTRODUCTION
Laser Additive Manufacturing (LAM) has been increasingly used to fabricate a 
variety of components for industrial applications [1]. The LAM research has been largely 
focused on using a laser beam to heat up and melt a metal powder (e.g., inconel, titanium, 
aluminum) to build metallic parts layer by layer. LAM processes can be used to build
metal parts with complex geometries that are difficult to manufacture by traditional 
processes. However, because of the nature of powder, some drawbacks such as porosity 
and large powder surface area induced oxidation in the manufactured parts are difficult to 
overcome [2-4]. Also, the high price of powder is a major cost driver for typical LAM 
processes, which are often more expensive than traditional manufacturing processes [5].
We have developed a novel LAM process, called Laser Foil Printing (LFP), in 
recent years for fabricating metal parts layer by layer using metal foil as the feedstock. 
LFP is a laminated object manufacturing process that utilizes a dual-laser beam system to 
weld a foil onto the just built layer, forming a strong bond between them, and then to cut 
a contour of the built layer according to the CAD model. LFP can alleviate the issues 
associated with powder-based LAM processes due to its inherent advantages including 
the following : (1) smaller (foil vs. powder) surface area that reduces oxidation, (2) 
smaller volumetric reduction in the melting and solidification of foil vs. powder, (3) 
lower cost of metallic material in foil than powder form (e. g., $10-15/kg for 304L SS foil 
vs. $70-80/kg for 304L SS powder), and (4) relatively clean manufacturing environment 
with no inhalation and dust explosion hazards [6]. LFP has been demonstrated to 
fabricate amorphous and crystalline metal parts, including Zr-based metallic glass, 304L 
stainless steel, Al-1100, and AISI 1010, resulting in high part density and mechanical 
strength [6,7]. This process has also been demonstrated to build composite sandwich 
structures [8].
We have developed a novel LAM process, called Laser Foil Printing (LFP), in 
recent years for fabricating metal parts layer by layer using metal foil as the feedstock. 
LFP is a laminated object manufacturing process that utilizes a dual-laser beam system to
82
weld a foil onto the just built layer, forming a strong bond between them, and then to 
cut a contour of the built layer according to the CAD model. LFP can alleviate the issues 
associated with powder-based LAM processes due to its inherent advantages including 
the following : (1) smaller (foil vs. powder) surface area that reduces oxidation, (2) 
smaller volumetric reduction in the melting and solidification of foil vs. powder, (3) 
lower cost of metallic material in foil than powder form (e. g., $10-15/kg for 304L SS foil 
vs. $70-80/kg for 304L SS powder), and (4) relatively clean manufacturing environment 
with no inhalation and dust explosion hazards [6]. LFP has been demonstrated to 
fabricate amorphous and crystalline metal parts, including Zr-based metallic glass, 304L 
stainless steel, Al-1100, and AISI 1010, resulting in high part density and mechanical 
strength [6,7]. This process has also been demonstrated to build composite sandwich 
structures [8].
In the study described in the present paper, a fully automated LFP system was 
developed and used to fabricate 304L SS parts with various geometries. Part dimensions 
were measured using an optical microscope, and the part’s mechanical properties were 
measured and characterized using standard tensile tests. The results show that LFP 
fabricated parts have higher strengths than those fabricated by the laser powder bed 
fusion (L-PBF) and directed energy deposition (DED) processes, and the ductilities of 
parts fabricated by the LFP, L-PBF and DED processes are comparable.
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2. PROCESS OVERVIEW, CONSTRUCTED SYSTEM AND EXPERIMENTAL
MEASUREMENTS
2.1. OVERVIEW OF LASER FOIL PRINTING (LFP) PROCESS AND SYSTEM
In our previous LFP studies [6,7,8], the metal parts were fabricated semi­
automatically using an LFP system that consisted of a dual-laser subsystem (having an 
infrared laser and an ultraviolet laser) with an X-Y moving table and a clamping plate for 
fabrication of each layer. The spot welding, pattern welding, and laser cutting are 
performed automatically, but mechanical polishing and foil placement are done manually.
In the current study, we developed and constructed a fully automated LFP system 
that consists of the dual-laser subsystem, a 3-axis gantry subsystem with X-Y-Z moving 
stages, a roller-to-roller foil supply subsystem, and a foil clamping subsystem, as shown 
in Figure 1. One of two lasers is a continuous-wave IR fiber laser (IPG YLP-1000), with 
central wavelength = 1070 nm, for laser welding with the laser beam directed by a galvo- 
mirror scanner (SCANLAB hurrySCAN-30). The maximum power of this laser is 1000 
W, its beam quality factor (M2) is 3.04, the F-0 lens focal length is 330 mm, and the laser 
spot size is ~160 pm. The other laser is a UV pulsed laser, with central wavelength = 
355nm, for laser cutting. The maximum power of this laser is 10 W, and its pulse 
frequency and duration are 100 kHz and 30 ns, respectively. The focal length of the laser 
cutting head is 100 mm and the laser spot size is 40 pm. The IR scanner and the UV 
cutting head are aligned.
As shown in Figure 1, the roller-to-roller foil supply subsystem advances the foil 
supply after the fabrication of each layer. This subsystem consists of a stepper motor with 
two idler rollers to transport foil from the left-side roller to the right-side roller. The left­
side roller has a magnetic brake (IBT MC5-38) to apply a tension force for flattening 
the foil. The stepper motor is installed at the right-side roller and is used to pull the foil 
from the left to the right. The foil clamping subsystem consists of a clamping plate and a 
two-rail linear stage, and is used to clamp the supplied foil onto the substrate or a 













Figure 1. The automated Laser Foil Printing (LFP) system.
2.2. AUTOMATED LASER FOIL PRINTING PROCESS STEPS
To automatically fabricate a metal part using the automated LFP system, there are 
six steps for fabricating every layer, as illustrated in Figure 2. First, a new layer of metal 
foil is transported to the location on top of the substrate or a previously built layer as
shown in Figure 2(a). Then the clamping plate is transported to the foil location and a 
force is applied to clamp the foil. The clamping plate has a large number of small holes. 
Then the IR laser beam passes through these holes to perform spot welding to fix the foil 
onto the substrate or a previous layer; see Figure 2(b). After laser spot welding, the 
clamping plate moves away, and the next step is laser pattern welding (Figure 2(c)), 
which welds a selective area of foil onto the previous layer. The pattern welding is done 
under an argon shielding atmosphere with ~1% oxygen to prevent oxidation. The spot 
welding and pattern welding are both performed using an IR fiber laser. The next step is 
to cut a contour from the welded pattern using a UV pulsed laser; see Figure 2(d). After 
the UV cutting, the un-welded portion of the foil is removed; see Figure 2(e). The welded 
surface is then polished to arrive at a flat surface using the mechanical polisher, as shown 
in Figure 2(f), for the next-layer fabrication. The mechanical polishing is done by using a 
#80 grit grindstone. These six steps are repeated for each layer until the part fabrication is 
completed.
2.3. EXPERIMENTAL MEASUREMENTS
The 304L SS foil (Ulbrich Co.) used as the feedstock had the thickness of 0.125 
mm. The dimensions of LFP fabricated 304L parts were measured using an optical 
microscope (OM, Nikon Epiphot 200). The yield strength (YS), ultimate tensile strength 
(UTS), and ductility of the fabricated parts were measured along the laser scan direction 
(X-axis) using tensile tests. The YS is the stress value at the strain of 0.2%; the UTS is 
the highest stress value in the tensile test; the ductility is the strain value at the break 
point. In order to eliminate the surface roughness effect on the mechanical properties, the
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tensile specimens were cut from the LFP fabricated parts using wire electrical 
discharge machining (EDM). The miniature tensile bar has dimensions shown in Figure 
3, following ASTM standards [7,9]. An Instron machine was used to measure the tensile 
specimens with a clip-on extensometer at the crosshead speed of 0.015 mm/mm/min 
(strain rate per minute). The YS, UTS and ductility were measured from eight LFP 
fabricated tensile specimens in the laser scan direction, and the mean values and standard 
deviations were reported. A surface profiler (Gocator 2300 series) was used to measure 
2D surface profiles perpendicular to the laser scan direction (Y-axis) of the fabricated 
specimens. There were 1280 data points captured within a measured length of 12 mm in 
each surface profile. From each surface profile the distance between the highest point and 
the lowest point, Rt, can be obtained.
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Figure 2. Key LFP process steps: (a) foil feeding, (b) spot welding, (c) pattern welding, 
(d) contour cutting, (e)excess foil removal, and (f) surface polishing.
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Figure 3. The dimensions of the tensile bar. The measurement unit is mm.
3. RESULTS AND DISCUSSION
3.1. MECHANICAL POLISHING
The mechanical polishing used a force of 3 kilograms with 30 strokes to remove 
the elevated edges caused by the contour cutting process in each layer. During the UV 
laser cutting, the cutting debris produced 50-100 pm burrs at the edges. If the elevated 
edges caused by the burrs were not removed, the foil would be burned in building the 
next layer because these elevated edges would form air gaps, preventing the laser energy 
from effectively conducting to the built layer underneath.
Figure 4 shows the surface profiles measured before and after the mechanical 
polishing, after the contour cutting, at two different X locations in a direction 
perpendicular to the laser scan direction. The Z-axis in Figure 4 is along the layer 
building direction. The elevated edges can be clearly seen in the surface profiles of 
Figures 4(a) and 4(c). These edges were removed after mechanical polishing, as shown in 
Figures 4(b) and 4(d). The Rt values are 126.5 pm and 73.5 pm, respectively, in Figures 
4(a) and 4(b), and they are 164.2 pm and 95.0 pm, respectively, in Figures 4(c) and 4(d).
The mechanical polishing resulted in the reduction of Rt to <100 pm, which was small 
enough for successful pattern welding in building the next layer.
3.2. TEST PARTS’ GEOMETRIES AND DIMENSIONS
Test parts were fabricated with 304L SS by using the automated LFP system. As 
examples, Figures 5 and 6 show two fabricated parts and their CAD models. The 5 mm- 
thick rectangular plate with an internal channel in Figure 5 was used to demonstrate the 
capability of the LFP system to fabricate a 3D part with internal features. Table 1 gives 
the measured data for several linear dimensions, in terms of the mean and standard 
deviation (STD) values calculated from six measurements. The differences between the 
measured means and the CAD model dimensions ranged from 0 mm to 0.06 mm, and the 
standard deviations of the measured data ranged from 0.01 mm to 0.07 mm. Figure 6 
shows a 2 mm-thick rectangular plate with notches and rounded edges, including the LFP 
fabricated part and its CAD model. Table 2 gives the means and standard deviations of 
the measured data for one linear dimension, one radius of rounded edge, and four angles 
of notches in comparison with their values from the CAD model. From the data in Tables 
1 and 2, it can be stated that the dimensional accuracy of parts fabricated by the LFP 
system needs further improvement. It should also be noted that the part’s dimensional 
accuracy is mainly governed by the positional accuracy of the X-Y-Z moving stages in 
the gantry and the fineness of UV laser cutting, and the dimensional accuracy can be 





The stress-strain curves of eight 304L SS tensile specimens along the laser scan 
direction were measured by standard tensile tests. The obtained stress-strain curves are 
shown in Figure 7, and the derived mechanical properties are summarized in Table 3. The 
consistency of measurement can be observed from stress-strain curves in Figure 7. From 
the data in Table 3 it can be seen that the yield strength (YS) at 0.2 % strain for the eight 
specimens ranged between 617 MPa and 639 MPa, with a mean of 632 MPa and a 
standard deviation (STD) of 7.5 MPa. The ultimate tensile strength (UTS) ranged 
between 808 MPa and 822 MPa, with a mean of 815 MPa and a STD of 5 MPa. The 
strain at the break point ranged between 67% and 72 %, with a mean of 69% and a STD 
of 1.7%.
The measured mechanical properties of the LFP fabricated specimens are 
compared with the mechanical properties of parts fabricated by the laser powder bed 
fusion (L-PBF) process and the directed energy deposition (DED) process, two of the 
most popular laser additive manufacturing (LAM) processes. Both L-PBF and DED 
processes use metal powder as the feedstock to fabricate metal parts, while the LFP 
process uses metal foil as the feedstock. The UTS and ductility of 304L SS parts 
fabricated by these three LAM processes are compared in Figure 8, with the data for the 
L-PBF and DED processes taken from the literature [6,10-14]. It can be seen from this 
figure that the UTS of L-PBF fabricated parts ranged between 665 MPa and 712 MPa and 
its ductility ranged between 36% and 72%. For DED fabricated parts, the UTS ranged 
between 710 MPa and 730 MPa and the ductility ranged between 51% and 59%. In 
comparison, for our LFP fabricated parts, the UTS ranged between 761 MPa and 816
MPa and the ductility ranged between 64% and 69%. Therefore, the UTS of the LFP 
fabricated parts is 10%-20% higher than the UTS of parts fabricated by the L-PBF and 
DED processes. In terms of ductility, it can be seen from Figure 8 that the ductilities of 
parts fabricated by these three LAM processes are comparable. The differences in UTS 
between metal parts fabricated by LFP vs. L-PBF/DED are mainly due to the difference 
in thermal conductivity between metal foil and metal powder. Thermal conductivity is 
much higher for metal foil than for metal powder, thus the cooling and solidification of 
melt pool is faster in the LFP process vs. the L-PBF and DED processes. Specifically, the 
thermal conductivity coefficient of 304L powder (0.186 Wm-1K-1) is only ~1.3% of the 
thermal conductivity coefficient of 304L foil (~14 Wm-1K-1) [15].
Also included in Figure 8 is the data of UTS and ductility of 304L SS parts 
fabricated by the semi-automatic LFP system from our previous research, in order to 
show the differences between the present automated LFP system and the previous semi­
automated LFP system. From Figure 8 it can be seen that the UTS and ductility of parts 
fabricated by the automated LFP system are both slightly higher than those resulted from 
the semi-automated LFP system. This is due to higher process consistency in the building 
of every layer by the automated LFP system vs. the semi-automated LFP system.
The cooling rate of melt pool affects the grain growth behaviour during 
solidification, resulting in varying mechanical properties of the part after solidification. 
We have reported previously that LFP fabricated parts have finer grains than L-PBF 
fabricated parts because of faster cooling of the melt pool, which shortens the 
solidification time and grows a finer grain structure [6]. The higher strength in the LFP 
fabricated parts is mainly attributed to the finer grains. According to the Hall-Patch
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relationship [16], parts with finer grains have higher strength yet can still have ductile 
property comparable to parts with coarser grains.
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Figure 4. Surface profiles of a built layer at two different locations: (a, c) after contour 
cutting, and (b, d) after mechanical polishing.
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Figure 5. A rectangular plate with an internal channel.
Table 1. Measurements for the rectangular plate with an internal channel.
M easurem ents L W t A
C A D  D esign (m m ) 40.4 20.4 1.6 4.6
M ean (m m ) 40.39 20.46 1.61 4.6





Figure 6. A rectangular plate with notches and rounded corners.
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Table 2. Measurements for the rectangular plate with notches and rounded corners.
M easurem ents R A B C D E
CAD D esign 3.2 m m 3.08 m m 150 1 120 ° 135 ° 90 °
M ean 3.32 m m 3.05 mm 145.37 ' 112.76 “ 132.7 ‘ 91.26 'J
Standard D eviation 0.19 m m 0.03 mm 1.42° 2.53 ° 1.73 ° 0.95 0
Figure 7. Stress-strain curves of eight LFP fabricated tensile specimens.
Table 3. Tensile properties of LFP test specimens.
Sample i 2 3 4 5 6 7 8 M ean STD Error
YS
(M Pa)
630 636 632 636 625 638 639 617 632 7.5 1.2%
UTS
(M Pa)
810 817 814 816 821 822 819 808 816 5 0.6%
SI tra in
70 72 67 68 69 71 69 68 69 1.7 2.5%
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Figure 8. Ultimate tensile strength vs. ductility of 304 SS parts fabricated by LFP, L-PBF
and DED processes.
4. CONCLUSION
In this paper we have presented the development of a fully automated system for 
the Laser Foil Printing (LFP) process and experimental studies using this additive 
manufacturing system to fabricate 304L SS parts with metal foil as the feedstock. The 
elevated edges caused by UV laser cutting were removed by mechanical polishing to 
prevent foil burning during the IR laser pattern welding process in the building of each 
layer. To study the dimensional accuracy of parts fabricated by the LFP system, one 
rectangular plate with an internal channel and another rectangular plate with notches and 
rounded edges were fabricated by this system. To study the dimension accuracy of LFP 
fabricated parts, linear dimensions, radius of rounded edge, and angles of notches of two 
representative parts were measured by optical microscopy. The yield strength, ultimate
tensile strength, and ductility were measured using standard tensile tests with miniature 
specimens. The measured results were compared with those available from the literature 
for the Laser Powder Bed Fusion (L-PFB) and Directed Energy Deposition (DED) 
processes. The comparisons showed that the LFP process fabricates parts with higher 
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SECTION
2. CONCLUSIONS AND FUTURE WORK
2.1. CONCLUSIONS
In this dissertation, 304L stainless steel and Al-1100 aluminum alloy parts were 
fabricated by the Laser Foil Printing (LFP) additive manufacturing process. The LFP 
process parameters for both 304L SS and Al-1100 materials were investigated and were 
used to fabricate dense parts with high strength and ductility. The parts’ mechanical 
properties, microstructure, grain structure, and porosity were characterized, analyzed, and 
compared with those of parts fabricated by the Laser Powder Bed Fusion (L-PBF) 
process. The main results are summarized below:
1. The tensile test results show that LFP fabricated parts have higher strength 
than L-PBF fabricated parts due to the higher cooling rate of melt pool. 
Because of higher thermal conductivity of metal foil vs. metal powder, the 
melt pool has faster cooling in LFP, forming finer grains during the 
solidification process. As a result, the strength of LFP parts was found to be 
10~15% higher than the strength of L-PBF parts. The oxygen content of LFP 
parts measured was 75% lower than that of L-PBF parts due to the ~10 times 
difference in surface area per unit volume between powder and foil.
2. Highly dense (relative density > 99%) Al-1100 aluminum alloy parts can be 
fabricated by the LFP process with proper process parameters. The strength of 
those LFP fabricated Al-1100 parts was found to be higher than annealed
aluminum parts. The electron backscattered diffraction maps of LFP 
fabricated Al-1100 parts showed low-angle-grain-boundary subgrains formed 
within high-angle-grain-boundary grains due to the fast cooling of the LFP 
process. The dominant grain growth in the LFP of Al-1100 aluminum alloy 
was {001}.
3. 304L SS parts fabricated by LFP with conduction-mode and keyhole-mode 
laser welding were characterized and compared. Their cross-sectional views 
show that the parts fabricated in the keyhole mode had higher porosity (0.5% 
vs. 0.1%) than those fabricated in the conduction mode. Pores in keyhole­
mode welding parts were usually found at the bottom of solidified melt pool 
because collapse of melt-pool wall occurred only in keyhole-mode laser 
welding. Based on ANOVA analysis, their yield strength and ultimate tensile 
strength were comparable while the ductility of conduction-mode specimens 
was 23% higher than that of keyhole-mode welding specimens in the layer 
building direction, which is due to difference in their grain structures. The 
electron backscattered diffraction maps showed that the conduction-mode 
grains had lower grain boundary interface density in the layer building 
direction than the keyhole-mode grains, which promotes dislocation 
movement along the layer building direction in the conduction-mode welding.
4. The development of a fully automated LFP system and experimental studies 
with this system have shown that 304L SS parts with various geometries can 
be fabricated by the automated LFP system. The elevated edges generated due 
to UV laser cutting were removed by mechanical polishing after fabricating
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each year, in order to prevent the supply foil from burning in the IR laser 
patterning process in building the next layer. The dimensions of the fabricated 
parts were measured and confirmed to be accurate. The part’s mechanical 
properties were measured and compared with numbers available from existing 
literature for the Laser Powder Bed Fusion (L-PBF) and Direct Energy 
Deposition (DED) processes. The results indicated that the LFP parts have 
higher strength and comparable ductility compared with those parts fabricated 
by the L-PBF and DED technologies.
2.2. FUTURE WORK
Extensive studies are still needed in order to fully understand the processability of 
LFP for different metals (e.g., Ti6Al4V titanium alloys, IN718 inconel alloys, AA-6061 
and AA-7075 aluminum alloys) that are popularly used in industrial and aerospace 
applications.
To further understand the effect of thermal conductivity difference on the creation 
and solidification of melt pools between using powder and using foil as the feedstock, 
measurements of cooling rates during the LFP and L-PBF processes in layer building are 
needed, which can be done using a high-speed thermal camera. The finite element 
method of analysis can be used to simulate the thermal history of melt-pool heating and 
cooling and compare the simulation results with the experimental data.
The process parameters of LFP including laser power, scan strategy, scan speed, 
hatch space, etc. could alter the heating-and-cooling thermal history, which may generate 
thermally induced residual stresses in the LFP-fabricated parts. To understand the
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relations among residual stress, thermal history, and process parameters, finite 
element analysis could be used to select proper process parameters to minimize residual 
stresses. The residual stresses resulted from different process parameters can be measured 
experimentally by X-ray diffraction methodology and compare with predictions from 
finite element analysis.
In the current LFP automation system, a mechanical polisher is used to remove 
the elevated edges resulted from laser cutting in order to automatically build the part 
layer by layer. Mechanical polishing is a relatively time-consuming way to remove the 
elevated edges, which could be explored by use of laser polishing using one of the lasers 




[1] Frazier WE, Polakovics D, Koegel W. Qualifying of metallic materials and 
structures for aerospace applications. JOM 2001;53:16-8.
[2] Thijs L, Verhaeghe F, Craeghs T, Humbeeck J Van, Kruth JP. A study of the 
microstructural evolution during selective laser melting of Ti-6Al-4V. Acta 
Mater. 2010;58:3303-12.
[3] ASTM F2792, Standard Terminology for Additive Manufacturing Technologies, 
ASTM, 2014.
[4] Yap CY, Chua CK, Dong ZL, Liu ZH, Zhang DQ, Loh LE, Sing SL. Review of 
selective laser melting: materials and applications. Appl Phys Rev. 
2015;2:0411011.
[5] Shen Y, Li Y, Chen C, Tsai HL. 3D printing of large, complex metallic glass 
structures. Mater Des. 2017;117:213-22.
[6] Chen C, Shen Y, Tsai HL. A Foil-Based Additive Manufacturing Technology for 
Metal Parts. J Manuf Sci Eng. 2016;139:024501-1-6.
[7] Li Y, Shen Y, Leu MC, Tsai HL. Mechanical properties of Zr-based bulk metallic 
glass parts fabricated by laser-foil-printing additive manufacturing. J. Mater. Sci. 
Eng. A. 2019;743:404-11.
[8] Li Y, Shen Y, Chen C, Leu MC, Tsai HL. Building metallic glass structures on 
crystalline metal substrates by laser-foil-printing additive manufacturing. J.
Mater. Process Tech. 2017;248:249-61.
[9] Li Y, Shen Y, Leu MC, Tsai HL. Building Zr-based metallic glass part on Ti-6Al- 
4V substrate by laser-foil-printing additive manufacturing. J. Mater. Process 
Tech. 2017;248:249-61.
[10] Li Y, Shen Y, Hung CH, Leu MC, Tsai HL. Additive manufacturing of Zr-based 
metallic glass structures on 304 stainless steel substrates via V/Ti/Zr intermediate 
layers. J. Mater. Sci. Eng. A. 2018;729:185-195.
[11] Kwok CT, Lo KH, Chan WK, Cheng FT, Man HC. Effect of laser surface melting 
on intergranular corrosion behaviour of aged austenitic and duplex stainless 
steels. Corros. Sci. 2011;53:1581-91.
[12] Abd-Elghany K, Bourell DL. Property evaluation of 304L stainless steel 
fabricated by selective laser melting. Rapid Prototyping. 2012;18:420-8.
104
[13] Nguyen QB, Zhu Z, Ng FL, Chua BW, Nai SML Wei J. High mechanical 
strengths and ductility of stainless steel 304L fabricated using selective laser 
melting. J. Mater. Sci. Technol. 2019;35:388-94.
[14] Ghayoor M, Lee K, He Y, Chang CH, Paul BK, Pasebani S. Selective laser 
melting of 304L stainless steel: role of volumetric energy density on the 
microstructure, texture and mechanical properties. Addit. Manuf.
2020;32:101011.
[15] Hou J, Chen W, Chen Z, Zhang K, Huang A. Microstructure, tensile properties 
and mechanical anisotropy of selective laser melted 304L stainless steel. J. Mater. 
Sci. Tech. 2020;48:63-71.
[16] Li R, Liu J, Shi Y, Wang L, Jiang W. Balling behavior of stainless steel and 
nickel powder during selective laser melting process. Adv. Mfg. Tech. 
2012;59:1025-35.
[17] Spierings AB, Levy G. Comparison of density of stainless steel 316L parts 
produced with selective laser melting using different powder grades. Proc. SFF 
Sym. 2009:324-53.
[18] Graves RS, Kollie TG, McElroy DL, Gilchrist KE. The thermal conductivity of 
AISI 304L stainless steel. Int. J. Thermophys. 1991;12:409-15.
[19] Rombouts M, Froyen L, Gusarov A V., Bentefour EH, Glorieux C. 
Photopyroelectric measurement of thermal conductivity of metallic powders. J. 
Appl. Phys. 2005;97:1-9.
[20] Pujula M, Sanchez-Rodriguez D, Lopez-Olmedo JP, Farjas J, Roura P. Measuring 
thermal conductivity of powders with differential scanning calorimetry. J. Therm. 
Anal. Calorim. 2016;125:571-7.
[21] Liu Y, Yang Y, Mai S, Wang D, Song C. Investigation into spatter behavior 
during selective laser melting of AISI 316L stainless steel powder. Mater. Des. 
2015;87:797-806.
[22] Wang L, Pratt P, Felicelli SD, El Kadiri H, Berry JT, Wang PT, Horstemeyer MF. 
Pore Formation in Laser-Assisted Powder Deposition Process. J. Mfg. Sci. Eng. 
2009;131:51008.
[23] Campbell F.C. Manufacturing technology for aerospace structural materials.
2006.
[24] Hirsch J. Recent development in aluminum for automotive applications. T. 
Nonferr. Metal. S. O. C. 2014;24:1995-2002.
105
[25] Zhang H., Zhu H., Qi T., Hu Z., Zeng X. Selective laser melting of high 
strength Al-Cu-Mg Alloys: Processing, microstructure and mechanical properties. 
Mater. Sci. Eng. A. 2016;656:47-54.
[26] Gu T., Chen B., Tan C., Feng J. Microstructure evolution and mechanical 
properties of laser additive manufacturing of high strength Al-Cu-Mg alloy. Opt. 
Laser. Technol. 2019;112:140-50.
[27] Zhang J., Song B., Wei Q., Bourell D., Shi Y. A review of selective laser melting 
of aluminum alloys: processing microstructure, property and developing trends. J. 
Mater. Sci. Technol. 2019;35:270-84.
[28] Dinda G.P., Dasgupta A.K., Bhattacharya S., Natu H., Dutta B., Mazumder J. 
Microstructural Characterization of Laser-Deposited Al 4047 alloy. Metall.
Mater. Trans. A. 2013;44:2233-42.
[29] Chen B., Moon S.K., Yao X., Bi G., Shen J., Umeda J., Kondoh K. Comparison 
study on additive manufacturing and powder metallurgy AlSi10Mg alloys. J.O.M. 
2018;70:644-9.
[30] Kempen K., Thijs L., Humbeeck J.V., Kruth J.P. Processing AlSi10Mg by 
selective laser melting: parameter optimization and material characterization. 
Mater. Sci. Technol. 2015;31:917-23.
[31] Thijs L., Kempen K., Kruth J.P., Humbeeck J.V. Fine-structured aluminum 
products with controllable texture by selective laser melting of pre-alloyed 
AlSi10Mg powder. Acta Mater. 2013;61:1809-19.
[32] Rana R.S., Purohit R., Das S. Reviews on the influence of alloying elements on 
the microstructure and mechanical properties of aluminum alloys and aluminum 
alloy composites. Int. J. Sci. Res. Publ. 2012;2:1-7.
[33] Olakanmi E.O. Selective laser sintering/melting (SLS/SLM) of pure Al, Al-Mg, 
and Al-Si powders: effect of processing conditions and powder properties. J. 
Mater. Process. Technol. 2013;213:1387-405.
[34] Jerrard P.G.E., Hao L., Dadbakhsh S., Evans K.E. Consolidation behavior and 
microstructure characteristics of pure aluminum and alloy powders following 
selective laser melting processing. Proc of the 36th Int MATADOR Conf. 2010.
[35] Torkamany MJ, Malek Ghaini F, Poursalehi R, Kaplan AFH. Combination of 
laser keyhole and conduction welding: Dissimilar laser welding of niobium and 
Ti-6Al-4V. Optics and Lasers in Engineering 2016;79:9-15.
[36] Steen W., Mazumder J. (2010) Basic Laser Optics. In: Laser Material 
Processing. Springer, London.
106
[37] Steen W., Mazumder J. (2010) Laser Welding. In: Laser Material 
Processing. Springer, London.
[38] Guo SH, Zou JL, Xiao RS. Characterizations of welding mode transformation 
process during 1- g m and 10- g m laser welding. AIP Advances 2020;10.
[39] Lee JY, Ko SH, Farson DF, Yoo CD. Mechanism of keyhole formation and 
stability in stationary laser welding. Journal of Physics D: Applied Physics 
2002;35:1570-6.
[40] Verhaeghe F, Craeghs T, Heulens J, Pandelaers L. A pragmatic model for 
selective laser melting with evaporation. Acta Materialia 2009;57:6006-12.
[41] Metelkova J, Kinds Y, Kempen K, de Formanoir C, Witvrouw A, Van 
Hooreweder B. On the influence of laser defocusing in Selective Laser Melting of 
316L. Additive Manufacturing 2018;23:161-9.
[42] Yang J, Han J, Yu H, Yin J, Gao M, Wang Z, Zeng X. Role of molten pool mode 
on formability, microstructure and mechanical properties of selective laser melted 
Ti-6Al-4V alloy. Materials and Design 2016;110:558-70.
[43] King WE, Barth HD, Castillo VM, Gallegos GF, Gibbs JW, Hahn DE, Kamath C, 
Rubenchik AM. Observation of keyhole-mode laser melting in laser powder-bed 
fusion additive manufacturing. Journal of Materials Processing Technology 
2014;214:2915-25.
[44] Zafari A, Xia K. High Ductility in a fully martensitic microstructure: a paradox in 




Chia-Hung Hung was born on August 9th, 1989 in the New Taipei City, Taiwan. 
He earned his Bachelor degree of Science in June 2011and his Master degree of Science 
in July 2014 in Mechanical Engineering at National Taiwan University of Science and 
Technology. During his studies in Master degree at National Taiwan University of 
Science and Technology, he received the scholarship from Ministry of Education of 
Taiwan to sponsor him to conduct advanced laser micromachining research under Dr. 
Hai-Lung Tsai’s supervision as a visiting graduate student from 2013-2014 in 
Mechanical Engineering at Missouri University of Science and Technology.
After receiving Research Assistantship from Dr. Ming C. Leu to pursue his Ph.D. 
in Mechanical Engineering at Missouri University of Science and Technology, Chia- 
Hung started conducting research in newly developed additive manufacturing, called 
Laser Foil Printing in 2016. He learned wide-ranging experiences in process parameter 
optimization, material characterization, and process automation in Laser Foil Printing 
additive manufacturing.
In May of 2021, Chia-Hung received his Ph.D. in Mechanical Engineering under 
the supervision of Dr. Ming C. Leu at the Missouri University of Science and 
Technology, Rolla, MO, USA.
